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Chapter 1 
INTRODUCTION AND BASIC CONCEPTS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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1-2 
Thermodynamics 


1-1C On a downhill road the potential energy of the bicyclist is being converted to kinetic energy, and thus the bicyclist 
picks up speed. There is no creation of energy, and thus no violation of the conservation of energy principle. 


1-2C A car going uphill without the engine running would increase the energy of the car, and thus it would be a violation of 
the first law of thermodynamics. Therefore, this cannot happen. Using a level meter (a device with an air bubble between 
two marks of a horizontal water tube) it can shown that the road that looks uphill to the eye is actually downhill. 


1-3C There is no truth to his claim. It violates the second law of thermodynamics. 
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1-3 


Mass, Force, and Units 


1-4C The “pound” mentioned here must be “Ibf” since thrust is a force, and the lbf is the force unit in the English system. 
You should get into the habit of never writing the unit “Ib”, but always use either “Ibm” or “lbf” as appropriate since the 
two units have different dimensions. 


1-5C In this unit, the word light refers to the speed of light. The light-year unit is then the product of a velocity and time. 
Hence, this product forms a distance dimension and unit. 


1-6C There is no acceleration, thus the net force is zero in both cases. 


1-7E The weight of a man on earth is given. His weight on the moon is to be determined. 


Analysis Applying Newton's second law to the weight force gives 


W  210lbf apm 
W =mg >m=— = 


5 = 210.5 lbm 
g 32.10 ft/s Llbf 
Mass is invariant and the man will have the same mass on the moon. Then, his weight on the moon will be 


Llbf 
32.174 Ibm: ft/s? 


W = mg = (210.5 lbm)(5.47 ft/s? f ) = 35.8 Ibf 


1-8 The interior dimensions of a room are given. The mass and weight of the air in the room are to be determined. 
Assumptions The density of air is constant throughout the room. 
Properties The density of air is given to be p = 1.16 kg/m’. 


Analysis The mass of the air in the room is ROOM 
n 3 AIR 
m= pV = (1.16 kg/m” )(6x6x8 m`) = 334.1kg 


6X6X8 m? 


Thus, 


IN 
W = mg = (334.1 kg)(9.81 m/s” )} ————— |=3277 N 
1 kg- m/s? 
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1-4 


1-9 The variation of gravitational acceleration above the sea level is given as a function of altitude. The height at which the 
weight of a body will decrease by 0.5% is to be determined. 


Analysis The weight of a body at the elevation z can be expressed as É 
W = mg = m(9.807 — 3.32 x 102z) 

In our case, 
W =0.995W, = 0.995mg , = 0.995(m)(9.81) 

Substituting, 0 
0.995(9.81) = (9.81-3.32x10 z) —> z =14,774 m = 14,770 m Sea level 


1-10 The mass of an object is given. Its weight is to be determined. 


Analysis Applying Newton's second law, the weight is determined to be 


W = mg = (200 kg)(9.6 m/s?) = 1920 N 


1-11E The constant-pressure specific heat of air given in a specified unit is to be expressed in various units. 


Analysis Applying Newton's second law, the weight is determined in various units to be 


= £ ps DRO AN = ri g: 
1.005 ki/kg °C), 18K | -1.005 kJ/kg -K 
1 kJ/kg -°C 

c, = (1.005 ki/kg-°C)| 207) E8 | -1.005 Jig -°c 

IKJ | 1000 g 

lkcal 

= (1.005 kJ/kg -°C 0.240 kcallkg -°C 

EN $ z) d 
c, = (1.005 kJ/kg °C) Bem- °F _| _ 0.240 Btullbm.°F 
p 4.1868 KJ/kg -°C 
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1-12 D A rock is thrown upward with a specified force. The acceleration of the rock is to be determined. 
Analysis The weight of the rock is 


IN 


W = mg = (3 kg)(9.79 m/s”) 
1 kg- m/s? 


| = 29.37 N 


Then the net force that acts on the rock is 


Fret = Fap =F iow = 200 -29.37 =170.6 N Stone 


From the Newton's second law, the acceleration of the rock becomes ie) 


a=— 
IN 


F _170.6N{1kg-m/s” 
m 3 kg 


=56.9 m/s? 
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1-6 


EES 
1-13 Problem 1-12 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 
proper units. 


Analysis The problem is solved using EES, and the solution is given below. 


"The weight of the rock is" 

W=m*g 

m=3 [kg] 

g=9.79 [m/s2] 

"The force balance on the rock yields the net force acting on the rock as" 
F_up=200 [N] 

F_net = F_up - F_down 

F_down=W 

"The acceleration of the rock is determined from Newton's second law." 
F_net=m*a 


"To Run the program, press F2 or select Solve from the Calculate menu.” 


SOLUTION 
a=56.88 [m/s^2] 
F_down=29.37 [N] 
F_net=170.6 [N] 
F_up=200 [N] 
g=9.79 [m/s2] 
m=3 [kg] 
W=29.37 [N] 


a [m/s] 
190.2 
90.21 
56.88 
40.21 
30.21 
23.54 
18.78 
15.21 
12.43 
10.21 


B 
I 

‘an 
ie] 
— 


FP OANDNBPWNFR 


© 
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1-7 


1-14 During an analysis, a relation with inconsistent units is obtained. A correction is to be found, and the probable cause 
of the error is to be determined. 


Analysis The two terms on the right-hand side of the equation 
E=25 kJ +7 kJ/kg 


do not have the same units, and therefore they cannot be added to obtain the total energy. Multiplying the last term by mass 
will eliminate the kilograms in the denominator, and the whole equation will become dimensionally homogeneous; that is, 
every term in the equation will have the same unit. 


Discussion Obviously this error was caused by forgetting to multiply the last term by mass at an earlier stage. 


1-15 A resistance heater is used to heat water to desired temperature. The amount of electric energy used in kWh and kJ 
are to be determined. 


Analysis The resistance heater consumes electric energy at a rate of 4 kW or 4 kJ/s. Then the total amount of electric energy 
used in 2 hours becomes 


Total energy = (Energy per unit time)(Time interval) 
= (4 kW)(2 h) 
=8 kWh 
Noting that 1 kWh = (1 kJ/s)(3600 s) = 3600 kJ, 
Total energy = (8 kWh)(3600 kJ/kWh) 
= 28,800 kJ 


Discussion Note kW is a unit for power whereas kWh is a unit for energy. 


1-16 A gas tank is being filled with gasoline at a specified flow rate. Based on unit considerations alone, a relation is to be 
obtained for the filling time. 


Assumptions Gasoline is an incompressible substance and the flow rate is constant. 


Analysis The filling time depends on the volume of the tank and the discharge rate of gasoline. Also, we know that the unit 
of time is ‘seconds’. Therefore, the independent quantities should be arranged such that we end up with the unit of 
seconds. Putting the given information into perspective, we have 


tis] < VIL], and V [L/s} 


It is obvious that the only way to end up with the unit “s” for time is to divide the tank volume by the discharge rate. 
Therefore, the desired relation is 


V 
t=— 
V 


Discussion Note that this approach may not work for cases that involve dimensionless (and thus unitless) quantities. 
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1-17 A pool is to be filled with water using a hose. Based on unit considerations, a relation is to be obtained for the volume 
of the pool. 


Assumptions Water is an incompressible substance and the average flow velocity is constant. 


Analysis The pool volume depends on the filling time, the cross-sectional area which depends on hose diameter, and flow 
velocity. Also, we know that the unit of volume is m°. Therefore, the independent quantities should be arranged such that 
we end up with the unit of seconds. Putting the given information into perspective, we have 


V[m*] isa function of t[s], D [m], and V [m/s} 


399 


It is obvious that the only way to end up with the unit “m°” for volume is to multiply the quantities t and V with the square 


of D. Therefore, the desired relation is 
V =CD°Vt 
where the constant of proportionality is obtained for a round hose, namely, C =2/4 so that V = (aD7/4)Vt. 


Discussion Note that the values of dimensionless constants of proportionality cannot be determined with this approach. 


1-18 It is to be shown that the power needed to accelerate a car is proportional to the mass and the square of the velocity of 
the car, and inversely proportional to the time interval. 


Assumptions The car is initially at rest. 


Analysis The power needed for acceleration depends on the mass, velocity change, and time interval. Also, the unit of 
power W is watt, W, which is equivalent to 


W = J/s =N-m/s = (kg-m/s’)m/s = kg-m’/s* 


Therefore, the independent quantities should be arranged such that we end up with the unit kg-m7/s* for power. Putting the 
given information into perspective, we have 


W [ kg-m7/s*] is a function of m [kg], V [m/s], and ¢ [s] 


It is obvious that the only way to end up with the unit “kg-m’/s*” for power is to multiply mass with the square of the 
velocity and divide by time. Therefore, the desired relation is 


W is proportional to mV? /t 


or, 


W=CmV? /t 


where C is the dimensionless constant of proportionality (whose value is 4 in this case). 


Discussion Note that this approach cannot determine the numerical value of the dimensionless numbers involved. 
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Systems, Properties, State, and Processes 


1-19C This system is a region of space or open system in that mass such as air and food can cross its control boundary. 
The system can also interact with the surroundings by exchanging heat and work across its control boundary. By tracking 
these interactions, we can determine the energy conversion characteristics of this system. 


1-20C The system is taken as the air contained in the piston-cylinder device. This system is a closed or fixed mass system 
since no mass enters or leaves it. 


1-21C Any portion of the atmosphere which contains the ozone layer will work as an open system to study this problem. 
Once a portion of the atmosphere is selected, we must solve the practical problem of determining the interactions that occur 
at the control surfaces which surround the system's control volume. 


1-22C Intensive properties do not depend on the size (extent) of the system but extensive properties do. 


1-23C If we were to divide the system into smaller portions, the weight of each portion would also be smaller. Hence, the 
weight is an extensive property. 


1-24C If we were to divide this system in half, both the volume and the number of moles contained in each half would be 
one-half that of the original system. The molar specific volume of the original system is 
V 


v=— 


N 
and the molar specific volume of one of the smaller systems is 


— W2 yg 
oe z3 


N/2 N 


which is the same as that of the original system. The molar specific volume is then an intensive property. 


1-25C For a system to be in thermodynamic equilibrium, the temperature has to be the same throughout but the pressure 
does not. However, there should be no unbalanced pressure forces present. The increasing pressure with depth in a fluid, 
for example, should be balanced by increasing weight. 


1-26C A process during which a system remains almost in equilibrium at all times is called a quasi-equilibrium process. 
Many engineering processes can be approximated as being quasi-equilibrium. The work output of a device is maximum 
and the work input to a device is minimum when quasi-equilibrium processes are used instead of nonquasi-equilibrium 
processes. 
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1-10 


1-27C A process during which the temperature remains constant is called isothermal; a process during which the pressure 
remains constant is called isobaric; and a process during which the volume remains constant is called isochoric. 


1-28C The state of a simple compressible system is completely specified by two independent, intensive properties. 


1-29C The pressure and temperature of the water are normally used to describe the state. Chemical composition, surface 
tension coefficient, and other properties may be required in some cases. 


As the water cools, its pressure remains fixed. This cooling process is then an isobaric process. 


1- 30C When analyzing the acceleration of gases as they flow through a nozzle, the proper choice for the system is the 
volume within the nozzle, bounded by the entire inner surface of the nozzle and the inlet and outlet cross-sections. This is a 
control volume since mass crosses the boundary. 


1-31C A process is said to be steady-flow if it involves no changes with time anywhere within the system or at the system 
boundaries. 
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EES 


1-32 The variation of density of atmospheric air with elevation is given in tabular form. A relation for the variation 
of density with elevation is to be obtained, the density at 7 km elevation is to be calculated, and the mass of the atmosphere 
using the correlation is to be estimated. 


Assumptions 1 Atmospheric air behaves as an ideal gas. 2 The earth is perfectly sphere with a radius of 6377 km, and the 
thickness of the atmosphere is 25 km. 


Properties The density data are given in tabular form as 


1.4 T T T T 

r, km p, kg/m? 

6377 1.225 

6378 1.112 

6379 1.007 

6380 0.9093 

6381 0.8194 | Ms 
6382 0.7364 E; 
6383 0.6601 P 
6385 0.5258 

6387 0.4135 

6392 0.1948 

6397 0.08891 

6402 0.04008 


Analysis Using EES, (1) Define a trivial function rho= a+z in equation window, (2) select new parametric table from 
Tables, and type the data in a two-column table, (3) select Plot and plot the data, and (4) select plot and click on “curve fit” 
to get curve fit window. Then specify 2™ order polynomial and enter/edit equation. The results are: 


p(z) =a + bz + c7? = 1.20252 — 0.101674z + 0.0022375z* for the unit of kg/m’, 
(or, p(z) = (1.20252 — 0.101674z + 0.0022375z*)x10° for the unit of kg/km’) 
where z is the vertical distance from the earth surface at sea level. At z = 7 km, the equation would give p = 0.60 kg/m’. 


(b) The mass of atmosphere can be evaluated by integration to be 


h h 
m= | pav = | (a+bz+cz")4n(r +2)°dz=4a[ (a+bz+cz? \(rg +2ryzt+z7)dz 
z=0 0 
V 


=4n\arj h+ry)(2a+bry)h> /2+(at2bry terg )h? /3+(b+2crp)h* /44+ch> /5| 


where ro = 6377 km is the radius of the earth, A = 25 km is the thickness of the atmosphere, and a = 1.20252, b = - 
0.101674, and c = 0.0022375 are the constants in the density function. Substituting and multiplying by the factor 10” for the 
density unity kg/km’, the mass of the atmosphere is determined to be 


m=5.092x10" kg 
Discussion Performing the analysis with excel would yield exactly the same results. 
EES Solution for final result: 
a=1.2025166; b=-0.10167 
c=0.0022375; r=6377; h=25 
m=4*pi*(a*r^2*h+r*(2*a+b*r)*h^2/2+(a+2*b*r+c*r^2)*h^3/3+(b+2*c*r)*h^4/4+c*h^5/5)*1E+9 
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Temperature 


1-33C The zeroth law of thermodynamics states that two bodies are in thermal equilibrium if both have the same 
temperature reading, even if they are not in contact. 


1-34C They are Celsius (°C) and kelvin (K) in the SI, and fahrenheit (°F) and rankine (R) in the English system. 


1-35C Probably, but not necessarily. The operation of these two thermometers is based on the thermal expansion of a 
fluid. If the thermal expansion coefficients of both fluids vary linearly with temperature, then both fluids will expand at the 
same rate with temperature, and both thermometers will always give identical readings. Otherwise, the two readings may 
deviate. 


1-36 A temperature is given in °C. It is to be expressed in K. 
Analysis The Kelvin scale is related to Celsius scale by 
TK] = °C) + 273 
Thus, 
T(K] = 37°C + 273 = 310 K 


1-37E The temperature of air given in °C unit is to be converted to °F and R unit. 
Analysis Using the conversion relations between the various temperature scales, 
T (CF) =1.87(CC) +32 = (1.8)(150) + 32 = 302°F 
T(R) =T (°F) +460 = 302 + 460 = 762R 


1-38 A temperature change is given in °C. It is to be expressed in K. 
Analysis This problem deals with temperature changes, which are identical in Kelvin and Celsius scales. Thus, 


AT(K] = AT(°C) = 45 K 
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1-39E The flash point temperature of engine oil given in °F unit is to be converted to K and R units 
Analysis Using the conversion relations between the various temperature scales, 
T(R) =T(CF) + 460 = 363 + 460 = 823R 


T(K) = 2& _ 83 _as7K 


1.8 1.8 


1-40E The temperature of ambient air given in °C unit is to be converted to °F, K and R units. 
Analysis Using the conversion relations between the various temperature scales, 

T = —40°C = (-40)(1.8) + 32 = -40°C 

T =-40+ 273.15 = 233.15 K 

T =-40+459.67 = 419.67 R 


1-41E The change in water temperature given in °F unit is to be converted to °C, K and R units. 


Analysis Using the conversion relations between the various temperature scales, 


AT =10/1.8=5.6°C 
AT =10/1.8=5.6 K 
AT =10°F=10R 


1-42E A temperature range given in °F unit is to be converted to °C unit and the temperature difference in °F is to be 


expressed in K, °C, and R. 
Analysis The lower and upper limits of comfort range in °C are 


GD oY E ee 


USTs 1.8 
meek ae 7 a pale 


A temperature change of 10°F in various units are 


AT(R)=AT(°F)=10R 
EV iGo) ean ee 
1.8 18 


AT(K) = AT(°C) =5.6K 


=5.6°C 
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Pressure, Manometer, and Barometer 


1-43C The pressure relative to the atmospheric pressure is called the gage pressure, and the pressure relative to an absolute 
vacuum is called absolute pressure. 


1-44C The blood vessels are more restricted when the arm is parallel to the body than when the arm is perpendicular to the 
body. For a constant volume of blood to be discharged by the heart, the blood pressure must increase to overcome the 
increased resistance to flow. 


1-45C No, the absolute pressure in a liquid of constant density does not double when the depth is doubled. It is the gage 
pressure that doubles when the depth is doubled. 


1-46C If the lengths of the sides of the tiny cube suspended in water by a string are very small, the magnitudes of the 
pressures on all sides of the cube will be the same. 


1-47C Pascal’s principle states that the pressure applied to a confined fluid increases the pressure throughout by the same 
amount. This is a consequence of the pressure in a fluid remaining constant in the horizontal direction. An example of 
Pascal’s principle is the operation of the hydraulic car jack. 


1-48E The pressure given in psia unit is to be converted to kPa. 


Analysis Using the psia to kPa units conversion factor, 


6.895 kPa 


P=(150 psia : = 1034 kPa 
l psia 


1-49 The pressure in a tank is given. The tank's pressure in various units are to be determined. 


Analysis Using appropriate conversion factors, we obtain 


1kN/m? 


(a) P =(1500 | ree 
a 


=1500 kN/m? 


2 2 
i = sonra) Nm (= m/s 


= 1,500,000 kg/m. s? 
1kPa 1kN 


2 2 
(c) P= asooxra) an (“= m/s | oun 


=1,500,000,000 kg/km- s? 
1 kPa 1 kN 1km 
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1-50E The pressure in a tank in SI unit is given. The tank's pressure in various English units are to be determined. 


Analysis Using appropriate conversion factors, we obtain 


20.886 Ibf/ft? 


(a) P = (1500 KPa ie 
a 


= 31,330 Ibfift? 


2 2: : 
ay pds eee at > o paa ) = 217.6 psia 
1kPa 144 in? |1 lbf/in 


1-51E The pressure given in mm Hg unit is to be converted to psia. 


Analysis Using the mm Hg to kPa and kPa to psia units conversion factors, 


P =(1500 mm Hg) 0.1333 kPa l psia 
6.895 kPa 


= 29.0 psia 
1 mm Hg 


1-52 The pressure given in mm Hg unit is to be converted to kPa. 


Analysis Using the mm Hg to kPa units conversion factor, 


P = (1250 mm nof oaae) =166.6 kPa 
8 


1 mm H 
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1-53 The pressure in a pressurized water tank is measured by a multi-fluid manometer. The gage pressure of air in the tank 
is to be determined. 


Assumptions The air pressure in the tank is uniform (1.e., its variation with elevation is negligible due to its low density), 
and thus we can determine the pressure at the air-water interface. 


Properties The densities of mercury, water, and oil are given to be 13,600, 1000, and 850 kg/m’, respectively. 


Analysis Starting with the pressure at point 1 at the air-water interface, and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we reach point 2, and setting the result equal to Patm since the tube 


is open to the atmosphere gives 
P, + Pwaterghi + Po gha — Pmercurygh3 = Pam 
Solving for P, 
P, = Pam 7 Pwater81 — Poi Sh2 + PmercuryS'3 
or, 
P, — Piim = 8(Pmercuryh3 — Point = Pot) 
Noting that P) gage = P1 - Pam and substituting, 


P, cage = (9.81 m/s” )[(13,600 kg/m? )(0.46 m) — (1000 kg/m? )(0.2 m) 


1N 1kPa 
— (850 kg/m? )(0.3 m)] í ) 
( 1kg-m/s? (1000 N/m? 


= 56.9 kPa 


Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 


1-54 The barometric reading at a location is given in height of mercury column. The atmospheric pressure is to be 
determined. 


Properties The density of mercury is given to be 13,600 kg/m’. 


Analysis The atmospheric pressure is determined directly from 


Paim = pgh 


= (13,600 kg/m?)(9.81 m/s”)(0.750 m)| —1N - l aa z) 
1kg- m/s? }\1000 N/m 


=100.1 kPa 
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1-55 The gage pressure in a liquid at a certain depth is given. The gage pressure in the same liquid at a different depth is to 
be determined. 


Assumptions The variation of the density of the liquid with depth is negligible. 
Analysis The gage pressure at two different depths of a liquid can be expressed as 


P, = pgh and P, = pgh 


Taking their ratio, 
hy 
D ela, m 
P pgh hy l hp 


Solving for P, and substituting gives 


h, 9m 


P, P, =— (42 kPa) =126 kPa 
h 3m 


Discussion Note that the gage pressure in a given fluid is proportional to depth. 


1-56 The absolute pressure in water at a specified depth is given. The local atmospheric pressure and the absolute pressure 
at the same depth in a different liquid are to be determined. 


Assumptions The liquid and water are incompressible. 


Properties The specific gravity of the fluid is given to be SG = 0.85. We take the density of water to be 1000 kg/m’. Then 
density of the liquid is obtained by multiplying its specific gravity by the density of water, 


p = SGX P 4,0 = (0.85)(1000 kg/m?) = 850 kg/m? 


Analysis (a) Knowing the absolute pressure, the atmospheric pressure can be 


determined from Pam 
Pim =P- pgh 
1 kP 
= (145 kPa) — (1000 kg/m? )(9.81 m/s?)(5 m) ——— i 
1000 N/m 
= 96.0 kPa P 


(b) The absolute pressure at a depth of 5 m in the other liquid is _ 


P = Pam + pgh 
3 2 1 kPa 
= (96.0 kPa) + (850 kg/m? )(9.81 m/s*)(5 m)} —— 
1000 N/m 
=137.7 kPa 


Discussion Note that at a given depth, the pressure in the lighter fluid is lower, as expected. 
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1-57E It is to be shown that 1 kgf/cm? = 14.223 psi. 
Analysis Noting that 1 kgf = 9.80665 N, 1 N = 0.22481 lbf, and 1 in = 2.54 cm, we have 


— = 


1 kgf =9.80665 N = (9.80665 N ) = 2.20463 lbf 


and 


2 
2.54 m) =14.223 lbf/in? = 14.223 psi 


1 kgf/cm? = 2.20463 Ibf/em? = (2.20463 Ibf/em? { 
in 


1-58E The pressure in chamber 3 of the two-piston cylinder shown in the figure is to be determined. 
Analysis The area upon which pressure | acts is 
D2 2 
paced ee (3 in) 
4 4 


A= = 7.069 in? Fy 


and the area upon which pressure 2 acts is 


D2 n2 
Gigs (1.5 in) 
4 4 


Ay = = 1.767 in? 


The area upon which pressure 3 acts is given by 
A, = A, — 4, = 7.069 — 1.767 = 5.302 in? 
The force produced by pressure 1 on the piston is then F, 


1 lbf/in? 


F, =P, A, =(150 mi - 
l psia 


hoos in?) =1060 Ibf 


while that produced by pressure 2 is 
F, =P, A, = (250 psia)(1.767 in?) = 441.8 lbf 
According to the vertical force balance on the piston free body diagram 


Fy = F, — F, =1060 — 441.8 = 618.3 lbf 


Pressure 3 is then 


_ F, _ 618.3 \bf 
A; 5,302 in? 


> =117 psia 
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1-59 The pressure in chamber | of the two-piston cylinder shown in the figure is to be determined. 
Analysis Summing the forces acting on the piston in the vertical direction gives 
F, +F; =F, 
P, Ay +P; (4 -42)= P4 F 


which when solved for P, gives 


A, F3 
1 1 
since the areas of the piston faces are given by A = 7D? /4 the above equation 
becomes 
De dD) 
FSi |) +P|1-|—< Fy 
D; D; 
4\ 4\ 
= (2000 kPa)} — | +(700 kPa) 1-| — 
10 10 
= 908 kPa 


1-60 The mass of a woman is given. The minimum imprint area per shoe needed to enable her to walk on the snow without 


sinking is to be determined. 


Assumptions 1 The weight of the person is distributed uniformly on the imprint area of the shoes. 2 One foot carries the 
entire weight of a person during walking, and the shoe is sized for walking conditions (rather than standing). 3 The weight 


of the shoes is negligible. 


Analysis The mass of the woman is given to be 70 kg. For a pressure of 0.5 
kPa on the snow, the imprint area of one shoe must be 


-K _ me 
P P 
2 
_ (70kg)(9.81 m/s?) 1N - í 1kPa z) 5137m? 
0.5 kPa 1kg-m/s~ JA 1000 N/m 


Discussion This is a very large area for a shoe, and such shoes would be impractical 
to use. Therefore, some sinking of the snow should be allowed to have shoes of 
reasonable size. 
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1-61 The vacuum pressure reading of a tank is given. The absolute pressure in the tank is to be determined. 
Properties The density of mercury is given to be p = 13,590 kg/m’. 


Analysis The atmospheric (or barometric) pressure can be expressed as 


Pym = Pgh Pe z Pa, 30 kPa 
= (13,590 kg/m? )(9.807 m/s” )(0.750 m) 5 a 5 
1kg-m/s* Å 1000 N/m 
= 100.0 kPa 
Pam = 750 mmHg 


Then the absolute pressure in the tank becomes 


Pins = Pam — Pyne = 100.0-30 = 70.0 kPa 


abs 


1-62E The vacuum pressure given in kPa unit is to be converted to various units. 
Analysis Using the definition of vacuum pressure, 
Pace = not applicable for pressures below atmospheric pressure 


gage 
Ping = Pam — Pine = 98-80 =18 kPa 


abs atm 


Then using the conversion factors, 


Pa, = (18kPa (ae | =18 kN/m? 
1kPa 


Polisi) 1 Ibf/in? 


=2.61Ibflin2 
6.895 kPa 


1 mm Hg 


0.1333 kPa 


Py, = (18 kPa ae abs = |- 2.61 psi 
Piws = =(18 kPa ‘ee 


J- 135 mm Hg 
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1-63 A mountain hiker records the barometric reading before and after a hiking trip. The vertical distance climbed is to be 
determined. 


Assumptions The variation of air density and the gravitational 630 mbar 
acceleration with altitude is negligible. 


Properties The density of air is given to be p = 1.20 kg/m’. 


Analysis Taking an air column between the top and the bottom of the 
mountain and writing a force balance per unit base area, we obtain 


Wir | A= Prottom -P 740 mbar 


top 


(pgh) air T Photon =Po 


IN 1 
(1.20 kg/m? )(9.81 m/s? )(h) - a ~ |= (0.740 0.630) bar 
1 kg -m/s? J| 100,000 N/m 


It yields 
h = 934 m 


which is also the distance climbed. 


1-64 A barometer is used to measure the height of a building by recording reading at the bottom and at the top of the 
building. The height of the building is to be determined. 


Assumptions The variation of air density with altitude is negligible. 


Properties The density of air is given to be p = 1.18 kg/m’. The density of mercury is 
13,600 kg/m’. 


Analysis Atmospheric pressures at the top and at the bottom of the building are 


Prop = (984) top ie 
= (13,600 kg/m? )(9.81 m/s?)(0.675 mf S| ie] 


1kg- m/s” } 1000 N/m? 
= 90.06 kPa 
P, bottom — (p g A) bottom IN 1kP 
a 
= (13,600 kg/m? )(9.81 m/s? )(0.695 m) 
1kg - m/s? }\ 1000 N/m? 
=92.72 kPa 


Taking an air column between the top and the bottom of the building and writing a force balance per unit base area, we 
obtain 
Wir /A= Prottom -P 


top 


(Pgh) air = Peston = Pop 


1N 1 kPa 
1.18 kg/m?) (9.81 m/s” (h) — | ————— | = (92.72 - 90.06) kPa 
Cet i | ES : 


It yields 
h=231m 
which is also the height of the building. 
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EES 
1-65 Problem 1-64 is reconsidered. The entire EES solution is to be printed out, including the numerical results with 
proper units. 


Analysis The problem is solved using EES, and the solution is given below. 


P_bottom=695 [mmHg] 

P_top=675 [mmHg] 

g=9.81 [m/s^2] "local acceleration of gravity at sea level" 

rho=1.18 [kg/m‘3] 

DELTAP_abs=(P_bottom-P_top)*CONVERT(mmHg, kPa) "[kPa]" "Delta P reading from the barometers, 
converted from mmHg to kPa." 

DELTAP_h =rho*g*h*Convert(Pa, kPa) "Delta P due to the air fluid column height, h, between the top and 
bottom of the building.” 

DELTAP_abs=DELTAP_h 


SOLUTION 
DELTAP_abs=2.666 [kPa] 
DELTAP_h=2.666 [kPa] 
g=9.81 [m/s*2] 

h=230.3 [m] 
P_bottom=695 [mmHg] 
P_top=675 [mmHg] 
rho=1.18 [kg/m‘3] 


1-66 A man is standing in water vertically while being completely submerged. The difference between the pressures acting 
on the head and on the toes is to be determined. 


Assumptions Water is an incompressible substance, and thus the density does not 
change with depth. 


Properties We take the density of water to be p =1000 kg/m’. 
Analysis The pressures at the head and toes of the person can be expressed as 
Pend = Pare t PZhnead and Poe = nen + Pio 


where A is the vertical distance of the location in water from the free 
surface. The pressure difference between the toes and the head is 
determined by subtracting the first relation above from the second, 


Poe = Phead mi PEN ioe = PEN bead = PZ (hoe E Ahead ) 


Substituting, 


Poe — Phead = (1000 kg/m? )(9.81 m/s? (1.75 m- 0) zàl ; me > |=17.2 kPa 
lkg-m/s* A 1000 N/m 


Discussion This problem can also be solved by noting that the atmospheric pressure (1 atm = 101.325 kPa) is equivalent to 
10.3-m of water height, and finding the pressure that corresponds to a water height of 1.75 m. 
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1-67 A gas contained in a vertical piston-cylinder device is pressurized by a spring and by the weight of the piston. The 
pressure of the gas is to be determined. 


Analysis Drawing the free body diagram of the piston and balancing the F 
vertical forces yield 


PA=P mA +W +F, 


pring 


pring Patm 
Thus, 
mg +F i 
P= Pan + & spring 
A P 
2 
= (95 kPa) + (3.2 kg)(9.81 ue es 150 N 1kPa . =e 
35x10 "m 1000 N/m 
=147 kPa 
EES 
1-68 Problem 1-67 is reconsidered. The effect of the spring force in the range of 0 to 500 N on the pressure inside 


the cylinder is to be investigated. The pressure against the spring force is to be plotted, and results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


g=9.81 [m/s*2] 

P_atm= 95 [kPa] 

m_piston=3.2 [kg] 

{F_spring=150 [N]} 

A=35*CONVERT(cm‘’2, m2) 

W_piston=m_piston*g 

F_atm=P_atm*A*CONVERT (kPa, N/m^2) 

"From the free body diagram of the piston, the balancing vertical forces yield:" 
F_gas= F_atm+F_spring+W_piston 

P_gas=F_gas/A*CONVERT(N/m“2, kPa) 


F pring Paas 260 
[N] [kPa] 
0 104 240 
50 118.3 
100 132.5 220 
150 146.8 
200 161.1 m 7 
250 175.4 Oo 
x 
300 189.7 œ=% 180 
350 204 9 
400 218.3 eee 
450 232.5 
500 246.8 140 
120 
100 
0 100 200 300 400 500 
F spring [N] 
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1-69 D Both a gage and a manometer are attached to a gas to measure its pressure. For a specified reading of gage 
pressure, the difference between the fluid levels of the two arms of the manometer is to be determined for mercury 
and water. 


Properties The densities of water and mercury are given to be 
Pwater = 1000 kg/m? and be png = 13,600 kg/m’. 


Analysis The gage pressure is related to the vertical distance A between the 
two fluid levels by 


P 
Page = PEA > h= ae 
PE 
(a) For mercury, 
h= Poage 
Pug& 
kP 2 \ 1000 ke/m:-s 
_ 80 a : 1kN/m 000 kg/m-s “feta 
(13,600 kg/m” )(9.81 m/s) | 1 kPa 1kN 
(b) For water, 
po ee 80 kPa 1kN/m? \f 1000 kg/m-s? )\ clea 
Pu,o& (1000 kg/m*)(9.81 m/s”) 1 kPa 1kN 
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> 
1-70 Problem 1-69 is reconsidered. The effect of the manometer fluid density in the range of 800 to 13,000 kg/m? on 
the differential fluid height of the manometer is to be investigated. Differential fluid height against the density is to be 
plotted, and the results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Let's modify this problem to also calculate the absolute pressure in the tank by supplying the atmospheric 
pressure. 
Use the relationship between the pressure gage reading and the manometer fluid column height. " 


Function fluid_density(Fluid$) 

"This function is needed since if-then-else logic can only be used in functions or procedures. 

The underscore displays whatever follows as subscripts in the Formatted Equations Window." 
If fluid$='Mercury' then fluid_density=13600 else fluid_density=1000 

end 


{Input from the diagram window. If the diagram window is hidden, then all of the input must come from the 
equations window. Also note that brackets can also denote comments - but these comments do not appear in 
the formatted equations window. } 

{Fluid$='Mercury’ 

P_atm = 101.325 [kPa] 

DELTAP=80 [kPa] "Note how DELTAP is displayed on the Formatted Equations Window."} 


g=9.807 [m/s*2] “local acceleration of gravity at sea level" 

rho=Fluid_density(Fluid$) "Get the fluid density, either Hg or H2O, from the function" 

"To plot fluid height against density place {} around the above equation. Then set up the parametric table and 
solve." 

DELTAP = RHO*g*h/1000 

"Instead of dividiing by 1000 Pa/kPa we could have multiplied by the EES function, CONVERT(Pa,kPa)" 
h_mm=h*convert(m, mm) "The fluid height in mm is found using the built-in CONVERT function." 

P_abs= P_atm + DELTAP 


"To make the graph, hide the diagram window and remove the {}brackets from Fluid$ and from P_atm. Select 
New Parametric Table from the Tables menu. Choose P_abs, DELTAP and h to be in the table. Choose Alter 
Values from the Tables menu. Set values of h to range from 0 to 1 in steps of 0.2. Choose Solve Table (or 
press F3) from the Calculate menu. Choose New Plot Window from the Plot menu. Choose to plot P_abs vs h 
and then choose Overlay Plot from the Plot menu and plot DELTAP on the same scale." 


Manometer Fluid Height vs Manometer Fluid Density 


p Dan 11000 ——r rrr r r +> rar 

[kg/m] [mm] 

800 10197 

2156 3784 8500 

3511 2323 

4867 1676 m= 6600 

6222 1311 £ 

7578 1076 = 

8933 913.1 = 4400 

10289 792.8 E 

11644 700.5 2200 

13000 627.5 
0 n 1 f | f | 1 | 1 | f | 1 
0 2000 4000 6000 8000 10000 12000 14000 


p [kg/m^3] 
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1-71 The air pressure in a tank is measured by an oil manometer. For a given oil-level difference between the two columns, 
the absolute pressure in the tank is to be determined. 


Properties The density of oil is given to be p = 850 kg/m’. 


Analysis The absolute pressure in the tank is determined from 


P = Paton + pgh 
1kP 
= (98 kPa) + (850 kg/m? )(9.81m/s”)(0.36 m) ——"— 
1000 N/m 
=101.0 kPa 


Pam = 98 kPa 


1-72 The air pressure in a duct is measured by a mercury manometer. For a given 


mercury-level difference between the two columns, the absolute pressure in the 
duct is to be determined. 
Properties The density of mercury is given to be p = 13,600 kg/m’. i 
Analysis (a) The pressure in the duct is above atmospheric pressure since the 
fluid column on the duct side is at a lower level. AIR 5 mm 
(b) The absolute pressure in the duct is determined from 
P 
P= Pim + pgh IN 1 kP 
= (100 kPa) + (13,600 kg/m? )(9.81 m/s? )(0.015 m| i 3 | 


1 kg-m/s” }\ 1000 N/m? 
=102 kPa 


1-73 The air pressure in a duct is measured by a mercury manometer. For a given 

mercury-level difference between the two columns, the absolute pressure in the duct is 

to be determined. 

Properties The density of mercury is given to be p = 13,600 kg/m’. i 

Analysis (a) The pressure in the duct is above atmospheric pressure since the fluid alin 
aes AIR 

column on the duct side is at a lower level. 

(b) The absolute pressure in the duct is determined from P 


P=P. 


atm + pgh 1 N 1 kP 
= (100 kPa) + (13,600 kg/m?)(9.81 m/s” )(0.045 m) á ; 
1000 N/m 


1 kg-m/s* 
=106 kPa 
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1-74E The systolic and diastolic pressures of a healthy person are given in mmHg. These pressures are to be expressed in 
kPa, psi, and meter water column. 


Assumptions Both mercury and water are incompressible substances. 
Properties We take the densities of water and mercury to be 1000 kg/m? and 13,600 kg/m’, respectively. 


Analysis Using the relation P = pgh for gage pressure, the high and low pressures are expressed as 


1N 1kPa 
Paien = PLMyion = (13,600 kg/m*)(9.81 m/s”)(0.12 m =16.0 kPa 
high PE high ( 8 X X( lel ees) 


1N 1kPa 
Pow = PZhow = (13,600 kg/m?)(9.81 m/s”)(0.08 m =10.7 kPa 
A eas ‘ ln (Ey) 


Noting that 1 psi = 6.895 kPa, 


1 psi 
6.895 kPa 


1 psi 


Faigh = (16.0 Pal ) = 2.32 psi and Pow = (10.7 omn 


) = 1.55 psi 


For a given pressure, the relation P = pgh can be expressed for mercury and water 


as P= PwaterShwater Ad P = PmercuryS mercury: Setting these two relations equal to 


each other and solving for water height gives 


P mercury = 
P= P waters twister =p merciy © Oniereatny => A yater = Nenscins = 
P water = 
-] h 
Therefore, a 
Dae 13,600 kg/m? i 
hater, high = Pmercury, high = ————_ (0.12 m) = 1.63 m = 
P water 1000 kg/ m -— 
P mercu 13,600 kg/m? 
aie low 7 m Mea crcaiey. dow = re (0.08 m) =1.09m 
P water 1000 kg/m 


Discussion Note that measuring blood pressure with a “water” monometer would involve differential fluid heights higher 
than the person, and thus it is impractical. This problem shows why mercury is a suitable fluid for blood pressure 
measurement devices. 
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1-75 A vertical tube open to the atmosphere is connected to the vein in the arm of a person. The height that the blood will 
rise in the tube is to be determined. 


Assumptions 1 The density of blood is constant. 2 The gage pressure of blood is 120 mmHg. 
Properties The density of blood is given to be p = 1050 kg/m’. 
Analysis For a given gage pressure, the relation P = pgh can be expressed 


for mercury and blood as P = P blood BN p14 and P = P mercury Zlmercury Blood 


Setting these two relations equal to each other we get h 
P= Prlood 8 bIo0d = P mercury El mercuy 
Solving for blood height and substituting gives 


Pirca 13,600 kg/m? 
Myiood = mercury ~" 3z 


Pblood 1050 kg/m? 


(0.12m) = 1.55m 


Discussion Note that the blood can rise about one and a half meters in a tube connected to the vein. This explains why IV 
tubes must be placed high to force a fluid into the vein of a patient. 


1-76 A diver is moving at a specified depth from the water surface. The pressure exerted on the surface of the diver by 
water is to be determined. 


Assumptions The variation of the density of water with depth is negligible. 
Properties The specific gravity of seawater is given to be SG = 1.03. We take the density of water to be 1000 kg/m’. 


Analysis The density of the seawater is obtained by multiplying 
its specific gravity by the density of water which is taken to be Patm 
1000 kg/m’: 


p = SG x pPy,0 = (1.03)(1000 kg/m*) = 1030 kg/m? h 


The pressure exerted on a diver at 30 m below the free surface P 
of the sea is the absolute pressure at that location: 


P=P. 


atm hi pgh 

3 5 1 kPa 

= (101 kPa) + (1030 kg/m? )(9.807 m/s? )(30 m) —— 
1000 N/m 


=404 kPa 
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1-77 Water is poured into the U-tube from one arm and oil from the other arm. The water column height in one arm and the 
ratio of the heights of the two fluids in the other arm are given. The height of each fluid in that arm is to be determined. 
Assumptions Both water and oil are incompressible substances. 

Properties The density of oil is given to be p = 790 kg/m’. We take Water oil 
the density of water to be p =1000 kg/m’. 


Analysis The height of water column in the left arm of the monometer 

is given to be Ay; = 0.70 m. We let the height of water and oil in the 

right arm to be hw and ha, respectively. Then, Aa = 4hw2. Noting that hy 
both arms are open to the atmosphere, the pressure at the bottom of hyo 
the U-tube can be expressed as 


Potom = Pam + Pw8hwi and — Prottom = Pam + Pw 8hw2 + Pa Sha 
Setting them equal to each other and simplifying, 
Pw8hwi = Pw8hwz +Pa8ħa > — Pwhwi =Pwhw2+ Pala > — Ayi =hw2 + (Pa! Pw)ha 
Noting that h, = 4/y2, the water and oil column heights in the second arm are determined to be 
0.7m = h „2 +(790/1000) 4h „2 > hy. =0.168m 
0.7 m = 0.168 m+(790/1000)h, > h, =0.673m 


Discussion Note that the fluid height in the arm that contains oil is higher. This is expected since oil is lighter than water. 
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1-78 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The effect 
of air column on pressure is negligible. 


Properties The densities of seawater and mercury are given to 
be Psea = 1035 kg/m? and pug = 13,600 kg/m’. We take the 
density of water to be p y=1000 kg/m’. 

Analysis Starting with the pressure in the fresh water pipe 


(point 1) and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we 


reach the sea water pipe (point 2), and setting the result equal 
to P2 gives 


P A Pye, = Pug Stig = Pair Zhair + Papa Nace = P, 


Rearranging and neglecting the effect of air column on pressure, 
P -P, T —Py gh, + Puy Slyg = Prea Eleea Fa 8(PugHe pul = Psea sea ) 
Substituting, 


P, — P, = (9.81 m/s? )[(13600 kg/m? )(0.1 m) 


- (1000 kg/m? )(0.6 m) (1035 kg/m? )(0.4m)] —— 
1000 kg- m/s 
=3.39kN/m? = 3.39 kPa 


Therefore, the pressure in the fresh water pipe is 3.39 kPa higher than the pressure in the sea water pipe. 


Discussion A 0.70-m high air column with a density of 1.2 kg/m’ corresponds to a pressure difference of 0.008 kPa. 
Therefore, its effect on the pressure difference between the two pipes is negligible. 
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1-79 Fresh and seawater flowing in parallel horizontal pipelines are connected to each other by a double U-tube manometer. 
The pressure difference between the two pipelines is to be determined. 


Assumptions All the liquids are incompressible. 


Properties The densities of seawater and mercury are given to 
be Psea = 1035 kg/m? and png = 13,600 kg/m’. We take the 
density of water to be p w=1000 kg/m’. The specific gravity of 
oil is given to be 0.72, and thus its density is 720 kg/m’. 


Analysis Starting with the pressure in the fresh water pipe 
(point 1) and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we 


reach the sea water pipe (point 2), and setting the result equal 
to P2 gives 


P + pygh, — Pugsliyg — Poi Bloat + Psea Zhsea =P, 


Rearranging, 


P, > P, = Py ely + Pug Zug + Poi Soi ~ Piel eee 
z 8 (Pug hie + PoitMoit = Prglky ~ Pra Asea ) 
Substituting, 


P, — P, = (9.81 m/s”)[(13600 kg/m? )(0.1m) + (720 kg/m?)(0.7 m) — (1000 kg/m*)(0.6 m) 


- (1035 kg/m? )(0.4 m)] — 
1000 kg - m/s 


= 8.34 kN/m? =8.34kPa 


Therefore, the pressure in the fresh water pipe is 8.34 kPa higher than the pressure in the sea water pipe. 


1-80 The pressure indicated by a manometer is to be determined. 


ATMOSPHERIC 
Properties The specific weights of fluid A and fluid B are PRESSURE 
given to be 10 kN/m’ and 8 kN/m’, respectively. P; 
Analysis The absolute pressure P; is determined from T 
P, = Fi +(pgh) 4 +(pgh) p 12 cm = hg 
= Pim +74h4 +tYghg | 
0.1333 kP t 
= (758 mm nof BEM ha= 5em Fluid B 
1mm Hg i 8 kN/m? 


+ (10 KN/m?)(0.05 m) + (8 kN/m? )(0.15 m) 4 
=102.7 kPa ma va 


Note that 1 kPa = 1 kN/m’. 10 kN/m” 
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1-81 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B 
are given to be 100 kN/m’ and 8 kN/m’, respectively. 


Analysis The absolute pressure P, is determined from 


P, = Pam + (egh) 4 + (pgh) g 
= Pam +7 4h14 +yBhpg 


= 90 kPa + (100 kN/m?)(0.05 m) + (8 kN/m? )(0.15 m) 


= 96.2 kPa 
Note that 1 kPa = 1 kKN/m’. 


1-82 The pressure indicated by a manometer is to be determined. 


Properties The specific weights of fluid A and fluid B are 
given to be 10 KN/m? and 12 kN/m’, respectively. 


Analysis The absolute pressure P, is determined from 


P, = Pim + (pgh) 4 + (pgh) g 
= Patm +74h4 t+ Vehp 
oaea) 


=(720 H 
ven e| 1 mm Hg 


+ (10 KN/m?)(0.05 m) + (12 KN/m?)(0.15 m) 


= 98.3 kPa 
Note that 1 kPa = 1 KN/m?. 


ATMOSPHERIC 
PRESSURE 
P; 
12cm = hpg 
= 5 
ae Fluid B 
a 8 kN/m? 
Fluid A‘ 
100 kN/m? 
ATMOSPHERIC 
PRESSURE 
P; 
12 cm 15 cm = hg 
=5 
ha= > pi Fluid B 
z 12 KN/m? 
30 cm 
Fluid A 
10 kN/m? 
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1-83 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure gage and a 
manometer. The differential height / of the mercury column is to be determined. 


Assumptions The air pressure in the tank is uniform (1.e., its variation with elevation is negligible due to its low density), 
and thus the pressure at the air-water interface is the same as the indicated gage pressure. 


Properties We take the density of water to be p,,=1000 kg/m’. The specific gravities of oil and mercury are given to be 0.72 
and 13.6, respectively. 


Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we go down) or 
subtracting (as we go u p) the pgh terms until we reach the free surface of oil where the oil tube is exposed to the 


atmosphere, and setting the result equal to Pam gives 
P, + Pw8hy — PugShug — PoiShoi = Pam 
Rearranging, 


P, ae = Poi koi + Puggng -Py ghy 


or, 
P, Mercury 
ne SG oithoit + SG gghug — Ay SG=13.6 
PwS 
Substituting, 
1000 kg-m/s* 
Ai, - OU E as = 0.72x(0.75m)+13.6Xhyjg — 0.3m 
(1000 kg/m?)(9.81 m/s?) | 1kPa.-m 


Solving for Aug gives Aug = 0.582 m. Therefore, the differential height of the mercury column must be 58.2 cm. 


Discussion Double instrumentation like this allows one to verify the measurement of one of the instruments by the 
measurement of another instrument. 
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1-84 The gage pressure of air in a pressurized water tank is measured simultaneously by both a pressure gage and a 
manometer. The differential height A of the mercury column is to be determined. 


Assumptions The air pressure in the tank is uniform (1.e., its variation with elevation is negligible due to its low density), 
and thus the pressure at the air-water interface is the same as the indicated gage pressure. 


Properties We take the density of water to be p w=1000 kg/m’. The specific gravities of oil and mercury are given to be 
0.72 and 13.6, respectively. 


Analysis Starting with the pressure of air in the tank (point 1), and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the free surface of oil where the oil tube is exposed to the 


atmosphere, and setting the result equal to Pam gives 
P, + Py Sly = Pug 8hyg = Poil 8hoit = Pam 
Rearranging, 


P, Ei z Poil Zoi + Pug shyg -= Py ghy 


P 
or, n = SG pihoit +SG elie -Ay 
Substituting, 
40 kPa 1000 kg- m/s? 
= 0.72 (0.75m) +13.6x hy, -0.3 m 
r] 1kPa.-m? ) Si 


Solving for Aug gives yg = 0.282 m. Therefore, the differential height of the mercury column must be 28.2 cm. 


Discussion Double instrumentation like this allows one to verify the measurement of one of the instruments by the 
measurement of another instrument. 


1-85 The top part of a water tank is divided into two compartments, and a fluid with an unknown density is poured into one 
side. The levels of the water and the liquid are measured. The density of the fluid is to be determined. 


Assumptions 1 Both water and the added liquid are incompressible substances. 
2 The added liquid does not mix with water. 


Properties We take the density of water to be p =1000 kg/m’. 


Analysis Both fluids are open to the atmosphere. Noting that the pressure 
of both water and the added fluid is the same at the contact surface, the 
pressure at this surface can be expressed as 


Feonadt Tai + Peghe = Fim + Py Ehyw 


Simplifying and solving for pr gives 


_hy . _ 55em 
hy ” 65cm 


Pehe =PyEhy > P; (1000 kg/m?) = 846 kg/m? 


Discussion Note that the added fluid is lighter than water as expected (a heavier fluid would sink in water). 
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1-86 The fluid levels in a multi-fluid U-tube manometer change as a result of a pressure drop in the trapped air space. For a 
given pressure drop and brine level change, the area ratio is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 
Pressure in the brine pipe remains constant. 3 The 
variation of pressure in the trapped air space is 
negligible. 


Properties The specific gravities are given to be 13.56 
for mercury and 1.1 for brine. We take the standard 
density of water to be p,,=1000 kg/m? . Area, A, 


Analysis It is clear from the problem statement and the 
figure that the brine pressure is much higher than the air 
pressure, and when the air pressure drops by 0.7 kPa, the 
pressure difference between the brine and the air space 
increases also by the same amount. 


SG=13.56 
Starting with the air pressure (point A) and moving 
along the tube by adding (as we go down) or subtracting 
(as we go up) the pgh terms until we reach the brine 
pipe (point B), and setting the result equal to Ps before 
and after the pressure change of air give 


Before. — Pa + PyShy + PrugShye 1 — Por8ghor, = Pe 
After: Py + Pw8hw + Pugghug,2 — Por8hr2 = Pg 


Subtracting, 


P-P 
Pa — Pay + Pugg^hyg — Por8gAhy =9 > F - = SG yg Aing — SGpAhy, =0 (1) 


where Ahy, and Ah,, are the changes in the differential mercury and brine column heights, respectively, due to the drop in 


air pressure. Both of these are positive quantities since as the mercury-brine interface drops, the differential fluid heights for 
both mercury and brine increase. Noting also that the volume of mercury is constant, we have 4; Ahyg left = 42 AA Hg right 


and 

Py — Pa =—0.7 kPa = -700 N/m” = -700 kg/m-s” 

Ah, = 0.005 m 

Alyy = Alig right + Aye ten = Ahy + Ay, Ao/A, = Ah, (1+ A/A) 
Substituting, 

aw ea —=[13.56x0.005(1+ 4,/4,)—(1.1x0.005)]m 

(1000 kg/m?) (9.81 m/s?) 

It gives 


A,/A, = 0.134 
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1-87 A multi-fluid container is connected to a U-tube. For the given specific gravities and fluid column heights, the gage 
pressure at A and the height of a mercury column that would create the same pressure at A are to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The multi- 
fluid container is open to the atmosphere. 


Properties The specific gravities are given to be 1.26 for glycerin 
and 0.90 for oil. We take the standard density of water to be pẹ 
=1000 kg/m’, and the specific gravity of mercury to be 13.6. 


Analysis Starting with the atmospheric pressure on the top surface 
of the container and moving along the tube by adding (as we go 
down) or subtracting (as we go up) the pgh terms until we reach 


point A, and setting the result equal to Pa give 


Glycerin 
Pim + Poi Soi + Pw Sw — PetySh gy = Pa SG=1.26 


Rearranging and using the definition of specific gravity, 


Pa = Paim = SG i P w8hoil +SG wPw8hw 7 SG gy PwEAgly 


or 


Ph gage = §Pw (SG oilŽoil +SG why a SG ay Meaty ) 


Substituting, 


Py gage = (9-81 m/s” )(1000 kg/m? )[0.90(0.70 m) + 1(0.3 m) —1.26(0.70 m)] S. 
= 1000 kg - m/s 
= 0.471kN/m? = 0.471kPa 


The equivalent mercury column height is 


p MSH 0.471 KN/m? em 
Hg 


3 3 5 = 0.00353 m =0.353 cm 
Pugg (13,600 kg/m?)(1000 kg/m? )(9.81 m/s?) 1kN 


Discussion Note that the high density of mercury makes it a very suitable fluid for measuring high pressures in 
manometers. 
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Solving Engineering Problems and EES 


1-88C Despite the convenience and capability the engineering software packages offer, they are still just tools, and they 
will not replace the traditional engineering courses. They will simply cause a shift in emphasis in the course material from 
mathematics to physics. They are of great value in engineering practice, however, as engineers today rely on software 
packages for solving large and complex problems in a short time, and perform optimization studies efficiently. 


> 
1-89 Determine a positive real root of the following equation using EES: 


2x°— 10x" -3x = -3 
Solution by EES Software (Copy the following line and paste on a blank EES screen to verify solution): 
2*x^3-10*x^0.5-3*x = -3 


Answer: x = 2.063 (using an initial guess of x=2) 


EES 
1-90 Solve the following system of 2 equations with 2 unknowns using EES: 


x’ -y =7.75 
3xy +y =3.5 
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
x^3-y^2=7.75 
3*x*y+y=3.5 
Answer x=2 y=0.5 


EES 
1-91 Solve the following system of 3 equations with 3 unknowns using EES: 


2x-y+z=7 
3x? + 2y=Zz2+3 
xy + 2z=4 
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
2*xX-Y+Z=7 
3*x^2+2*y=Z+3 
x*y+2*Z=4 
Answer x=1.609, y=-0.9872, z=2.794 
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EES 
1-92 Solve the following system of 3 equations with 3 unknowns using EES: 
xy -z=1 
x— 3y°5 + xz=-2 
x+y-z=2 
Solution by EES Software (Copy the following lines and paste on a blank EES screen to verify solution): 
x^2*y-z=1 
X-3*y*0.5+x*Z=-2 
X+y-Z=2 


Answer x=1, y=1, z=0 
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EES 
1-93E Specific heat of water is to be expressed at various units using unit conversion capability of EES. 


Analysis The problem is solved using EES, and the solution is given below. 


EQUATION WINDOW 


"GIVEN" 
C_p=4.18 [kJ/kg-C] 


"ANALYSIS" 
C_p_1=C_p*Convert(kJ/kg-C, kJ/kg-K) 
C_p_2=C_p*Convert(kJ/kg-C, Btu/lbm-F) 
C_p_3=C_p*Convert(kJ/kg-C, Btu/lbm-R) 
C_p_4=C_p*Convert(kJ/kg-C, kCal/kg-C) 


FORMATTED EQUATIONS WINDOW 


GIVEN 
Cp = 4.18 [kJ/kg-C] 


ANALYSIS 
ee te q 7 Klkg-k 
pE =T mpi ` kJ/kg-C 
Btu/lom—F 
Cp,2 = Cp > 0.238846 .- “kIkg-C 
Btu/lbm—R 
Cp,3 = Cp $ 0.238846 - ~kaikg-C 
kCal/kg—C 
Cpa = Cp : 0.238846 - “kiikg-C 
SOLUTION 
C_p=4.18 [kJ/kg-C] 
C_p_1=4.18 [kJ/kg-K] 
C_p_2=0.9984 [Btu/lbm-F] 
C_p_3=0.9984 [Btu/Ibm-R] 
C_p_4=0.9984 [kCal/kg-C] 
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Review Problems 


1-94 The weight of a lunar exploration module on the moon is to be determined. 
Analysis Applying Newton's second law, the weight of the module on the moon can be determined from 
w W earth 2800 N 


moon ~ ME moon = moon — = (1.64 m/s?) = 469 N 
E earth 9.8 m/s 


1-95 The deflection of the spring of the two-piston cylinder with a spring shown in the figure is to be determined. 


Analysis Summing the forces acting on the piston in the vertical direction gives 
Fy 


F, +F, +F; =F 
kx + P, A, +P, (4, — 4.) = P4 
P; 


which when solved for the deflection of the spring and substituting F, 
A=aD" /4 gives | 


x= [p,.0? -P,03 -P,(0} -0)| 


Ri T 

~ 4x800 
=0.0172 m 
=1.72 cm 


We expressed the spring constant k in kN/m, the pressures in kPa (i.e., KN/mô) and the diameters in m units. 


[5000 0.082 -10,000 x 0.037 —1000(0.087 ~0.037)| 
Fi 


1-96 An airplane is flying over a city. The local atmospheric pressure in that city is to be determined. 
Assumptions The gravitational acceleration does not change with altitude. 
Properties The densities of air and mercury are given to be 1.15 kg/m’ and 13,600 kg/m’. 
Analysis The local atmospheric pressure is determined from 
Pam = Potane + PRM 
1kN 


= 25 kPa + (1.15 kg/m? )(9.81 m/s” )(9000 m) ———— 
1000 kg- m/s” 


=126.5 kN/m? ~127kPa 


The atmospheric pressure may be expressed in mmHg as 


Piwa 126.5 kPa Gr Pa y 1000 mm 


hys = ) = 948 mmHg 


E pg  (13,600kg/m?)(9.81m/s?)\ 1kPa 


lm 
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1-97 The gravitational acceleration changes with altitude. Accounting for this variation, the weights of a body at different 
locations are to be determined. 


Analysis The weight of an 80-kg man at various locations is obtained by substituting the altitude z (values in m) into the 
relation 


IN 
W = mg =(80kg)(9.807 — 3.32 x otam] 


1kg - m/s? 
Sea level: (z =0 m): W = 80x(9.807-3.32x10°x0) = 80x9.807 = 784.6 N 
Denver: (z=1610 m): W = 80x(9.807-3.32x10°x1610) = 80x9.802 = 784.2 N 
Mt. Ev.: (z = 8848 m): W = 80x(9.807-3.32x10°x8848) = 80x9.778 = 782.2 N 


1-98 A man is considering buying a 12-oz steak for $3.15, or a 300-g steak for $2.95. The steak that is a better buy is to be 
determined. 


Assumptions The steaks are of identical quality. 


Analysis To make a comparison possible, we need to express the cost of each steak on a common basis. Let us choose 1 kg 
as the basis for comparison. Using proper conversion factors, the unit cost of each steak is determined to be 


12 ounce steak: 


E -(55(;$ = 1lbm |- $9.26/kg 


12 oz jJ \1lbm /\ 0.45359 kg 
300 gram steak: 
Unit Cost =| 32:99 }| 10098 agge 
300g J\ 1kg 


Therefore, the steak at the traditional market is a better buy. 
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1.99E The mass of a substance is given. Its weight is to be determined in various units. 


Analysis Applying Newton's second law, the weight is determined in various units to be 


1N 
W = mg = (1 kg)(9.81 m/s? )} ————— | =9.81N 
1 kg- m/s? 
1kN 
W = mg = (1kg)(9.81 m/s” )} ————- | = 0.00981 kN 
1000 kg- m/s 


W = mg =(1kg)(9.81 m/s”) = 1kg- mls? 


1N 1 kgf 
W = mg = (1 kg)(9.81 m/s? =1kgf 
mg = (1 kg)( s s) g 


W=mg=(1 rof EE N02 ft/s?) =71 Ibm ftls? 
g 


= mg= (1h 2205" Joa) Hof | 2211bt 
1 kg 32.2 Ibm- ft/s 


1-100E The efficiency of a refrigerator increases by 3% per °C rise in the minimum temperature. This increase is to be 
expressed per °F, K, and R rise in the minimum temperature. 


Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the increase in efficiency is 


a) 3% for each K rise in temperature, and 
p 


(b), (c) 3/1.8 = 1.67% for each R or °F rise in temperature. 


1-101E The boiling temperature of water decreases by 3°C for each 1000 m rise in altitude. This decrease in temperature is 
to be expressed in °F, K, and R. 


Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the decrease in the boiling temperature is 


(a) 3 K for each 1000 m rise in altitude, and 
(b), (c) 3x1.8 = 5.4°F = 5.4 R for each 1000 m rise in altitude. 
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1-102E Hyperthermia of 5°C is considered fatal. This fatal level temperature change of body temperature is to be expressed 


in °F, K, and R. 
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the fatal level of hypothermia is 


(a) 5K 
(b) 5x1.8 =9°F 
(c) 5x1.8=9R 


1-103E A house is losing heat at a rate of 2700 kJ/h per °C temperature difference between the indoor and the outdoor 
temperatures. The rate of heat loss is to be expressed per °F, K, and R of temperature difference between the indoor and the 


outdoor temperatures. 
Analysis The magnitudes of 1 K and 1°C are identical, so are the magnitudes of 1 R and 1°F. Also, a change of 1 K or 1°C 
in temperature corresponds to a change of 1.8 R or 1.8°F. Therefore, the rate of heat loss from the house is 


(a) 2700 kJ/h per K difference in temperature, and 
(b), (c) 2700/1.8 = 1500 kJ/h per R or °F rise in temperature. 


1-104 The average temperature of the atmosphere is expressed as Tam = 288.15 — 6.5z where z is altitude in km. The 
temperature outside an airplane cruising at 12,000 m is to be determined. 
Analysis Using the relation given, the average temperature of the atmosphere at an altitude of 12,000 m is determined to be 
Tam = 288.15 - 6.5z 
= 288.15 - 6.5x12 


= 210.15 K = - 63°C 
Discussion This is the “average” temperature. The actual temperature at different times can be different. 
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1-105 A new “Smith” absolute temperature scale is proposed, and a value of 1000 S is assigned to the boiling point of 
water. The ice point on this scale, and its relation to the Kelvin scale are to be determined. 


Analysis All linear absolute temperature scales read zero at absolute zero pressure, and are K s 
constant multiples of each other. For example, T(R) = 1.8 T(K). That is, multiplying a 
temperature value in K by 1.8 will give the same temperature in R. 373.15 + 1000 


The proposed temperature scale is an acceptable absolute temperature scale since it 
differs from the other absolute temperature scales by a constant only. The boiling temperature 
of water in the Kelvin and the Smith scales are 315.15 K and 1000 K, respectively. Therefore, 
these two temperature scales are related to each other by 


1000 
373.15 


T(S) = T(K) = 2.6799T(K) 


The ice point of water on the Smith scale is 


T(S)ice = 2.6799 T(K)ico = 2.6799x273.15 = 732.0 S 


1-106E An expression for the equivalent wind chill temperature is given in English units. It is to be converted to SI units. 


Analysis The required conversion relations are 1 mph = 1.609 km/h and T(°F) = 1.87(°C) + 32. The first thought that comes 
to mind is to replace 7(°F) in the equation by its equivalent 1.87(°C) + 32, and V in mph by 1.609 km/h, which is the 
“regular” way of converting units. However, the equation we have is not a regular dimensionally homogeneous equation, 
and thus the regular rules do not apply. The V in the equation is a constant whose value is equal to the numerical value of 
the velocity in mph. Therefore, if V is given in km/h, we should divide it by 1.609 to convert it to the desired unit of mph. 
That is, 


F) = 914 -[91.4 — Tnvien (° F)I[0.475— 0.0203(V / 1.609) + 0.30447 / 1.609] 


Teie (° 
or 


F) = 91.4- [914 - Tymin (° F)I[0.475— 0.01267 + 0.24047 ] 


Tequiv © 


where V is in km/h. Now the problem reduces to converting a temperature in °F to a temperature in °C, using the proper 
convection relation: 


(°C) +32 =914-[91.4—(187, spient (° C) + 32)][0.475 — 0.0126V + 0.24047 ] 


T eaniy 
which simplifies to 


Teguiv (°C) = 33.0 — (33.0 — Tymbient (0-475 — 0.01267 + 0.240VV ) 


where the ambient air temperature is in °C. 
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EES 
1-107E Problem 1-106E is reconsidered. The equivalent wind-chill temperatures in °F as a function of wind velocity 
in the range of 4 mph to 40 mph for the ambient temperatures of 20, 40, and 60°F are to be plotted, and the results are to be 
discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


T_ambient=20 
"/=20" 
T_equiv=91.4-(91.4-T_ambient)*(0.475 - 0.0203*V + 0.304*sqrt(V)) 


60 l l , ; , 
me [E MA 
mp 50 = 60°F 
4 59.94 Tamb = 60°F 
8 54.59 40 
12 51.07 
16 48.5 30 
20 46.54 T 
24 45.02 = 20 
28 43.82 2 
32 42.88 Ş 10 
36 42.16 — 
40 41.61 
The table is for Tambient=60°F -10 
-20 
0 


1-108 One section of the duct of an air-conditioning system is laid underwater. The upward force the water will exert on the 
duct is to be determined. 


Assumptions 1 The diameter given is the outer diameter of the duct (or, the thickness of the duct material is negligible). 2 
The weight of the duct and the air in is negligible. 


Properties The density of air is given to be p = 1.30 kg/m’. We take the 
density of water to be 1000 kg/m’. 


— > |p =15 cm 


Analysis Noting that the weight of the duct and the air in it is negligible, 
the net upward force acting on the duct is the buoyancy force exerted by 
water. The volume of the underground section of the duct is 


V = AL = (4D? /4)L =[2(0.15 m)?/4](20 m) = 0.353 m? 
Then the buoyancy force becomes 


1kN 


Fp = pgV = (1000 kg/m? )(9.81 m/s*)(0.353 m°) ———_ 
1000 kg -m/s 


) = 3.46 kN 


Discussion The upward force exerted by water on the duct is 3.46 KN, which is equivalent to the weight of a mass of 353 
kg. Therefore, this force must be treated seriously. 
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1-109 A helium balloon tied to the ground carries 2 people. The acceleration of the balloon when it is first released is to be 
determined. 


Assumptions The weight of the cage and the ropes of the balloon is negligible. 
Properties The density of air is given to be p = 1.16 kg/m’. The density of helium gas is 1/7" of this. 


Analysis The buoyancy force acting on the balloon is 


Vi alloon = 4nr*/3 = 4n(6 m)?/3 = 904.8 m? 


Fg = Pair Z Voalloon 
= (1.16 kg/m? )(9.8 1m/s?° )(904.8 m| 


=e 10,296 N 
1kg-m/s? 


The total mass is 


Mye = PueV = (HSkem? 04s m?)=149.9 kg 


Metal = Mye + Myeopie = 149.9 +285 = 319.9 kg 


The total weight is 


1N 
W = mai & = (319.9 kg)(9.81 m/s” | ———— | =3138 N 
1kg-m/s 


Thus the net force acting on the balloon is 
Fret = Fg -W =10,296 —3138 = 7157 N 


Then the acceleration becomes 


| Fret _ 7157 N ù 1kg-m/s* 
Mitt  319.9kg| 1N 


= 22.4 mls? 
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> 
1-110 Problem 1-109 is reconsidered. The effect of the number of people carried in the balloon on acceleration is to 
be investigated. Acceleration is to be plotted against the number of people, and the results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=12 [m] 
N_person=2 
m_person=85 [kg] 
rho_air=1.16 [kg/m^3] 
rho_He=rho_air/7 


"Analysis" 

g=9.81 [m/s^2] 
V_ballon=pi*D^3/6 
F_B=rho_air*g*V_ballon 
m_He=rho_He*V_ballon 
m_people=N_person*m_person 
m_total=m_He+m_people 
W=m_total*g 

F_net=F_B-W 

a=F_net/m_total 


Nperson a 
[m/s"] 
34 
22.36 
15.61 
11.2 
8.096 
5.79 
4.01 
2.595 
1.443 
0.4865 


a [m/s^] 


FP ODON DAURA UNe=e 


© 


Nperson 
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1-48 
1-111 A balloon is filled with helium gas. The maximum amount of load the balloon can carry is to be determined. 
Assumptions The weight of the cage and the ropes of the balloon is negligible. 


Properties The density of air is given to be p = 1.16 kg/m’. The density of 
helium gas is 1/7th of this. 


HELIUM 


Analysis 
The buoyancy force acting on the balloon is 
Viaitoon = 4nr*/3 = 4n(6 m)? /3 = 904.8 m? 


Fg = Pair Z Voalloon N 
l 1 


1 
= (1.16 kg/m*)(9.81m/s” )(904.8 m°) ———— | = 10,296 N 
kg-m/s 


The mass of helium is 


Mye = Puel = (kem J004. m?) =149.9 kg 


In the limiting case, the net force acting on the balloon will be zero. That is, 
the buoyancy force and the weight will balance each other: 


W =mg= F} 
m. -Z2 10296N _ 1959 4p 
oal g «9.81 mis? 


Thus, 
M people = Miotal — Mye = 1050-149.9 = 900 kg 


1-112 A 10-m high cylindrical container is filled with equal volumes of water and oil. The pressure difference between the 
top and the bottom of the container is to be determined. 


Properties The density of water is given to be p = 1000 kg/m’. The 
specific gravity of oil is given to be 0.85. 


Oil 
Analysis The density of the oil is obtained by multiplying its specific SG aa 85 
gravity by the density of water, 
P =SGX Py,o = (0.85)(1000 kg/m*) = 850 kg/m? 
f Water 
The pressure difference between the top and the bottom of the 
cylinder is the sum of the pressure differences across the two fluids, 
AP otal = AP it + AP water = (pgh) oi + (0gh) water Lke 
= [(s50 kg/m*)(9.81 m/s” )(5 m) + (1000 kg/m? )(9.81 m/s”)(5 m)| on 
1000 N/m 
= 90.7 kPa 
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1-113 The pressure of a gas contained in a vertical piston-cylinder device is measured to be 180 kPa. The mass of the piston 
is to be determined. 


Assumptions There is no friction between the piston and the cylinder. Px 
atm 


Analysis Drawing the free body diagram of the piston and balancing the 
vertical forces yield 


W = PA-P m4 
mg =(P- Pam JA ; P 
1 kg/m- a 
(m)(9.81 m/s?) = (180-100 kroyasxio ma | Res W=mg 
a 


It yields m=20.4kg 


1-114 The gage pressure in a pressure cooker is maintained constant at 100 kPa by a petcock. The mass of the petcock is to 
be determined. 


Assumptions There is no blockage of the pressure release valve. 


Patm 


Analysis Atmospheric pressure is acting on all surfaces of the petcock, which 
balances itself out. Therefore, it can be disregarded in calculations if we use the 
gage pressure as the cooker pressure. A force balance on the petcock (ZF, = 0) 
yields 


P 
W = Prags A WERE 
P PeageA _ (100 kPa)(4x10 °m*)( 1000 kg/m-s” 
g 9.81 m/s? 1 kPa 
= 0.0408 kg 


1-115 A glass tube open to the atmosphere is attached to a water pipe, and the pressure at the bottom of the tube is 
measured. It is to be determined how high the water will rise in the tube. 


Properties The density of water is given to be p = 1000 kg/m’. 


Analysis The pressure at the bottom of the tube can be expressed as 
P= Pam + (PEA) ube 
Solving for h, 
_ P-Pim 
pg 
(120-99) kPa [Hews [i net) 


h 


(1000 kg/m*)(9.81 m/s3) 1N 1 kPa 
=2.14m 
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1-116 The air pressure in a duct is measured by an inclined manometer. For a given vertical level difference, the gage 
pressure in the duct and the length of the differential fluid column are to be determined. 


Assumptions The manometer fluid is an incompressible substance. 


Properties The density of the liquid is given to be p= 0.81 kg/L = 
810 kg/m’, 


Analysis The gage pressure in the duct is determined from 


Page = Pivos =h i = pgh 


IN 1P 
= (810 kg/m?)(9.81 m/s? )(0.12 m) - L 

1 kg-m/s* \ 1 N/m 
=954 Pa 


The length of the differential fluid column is 
L= h/ sin 0 = (12 cm) / sin 45° = 17.0 cm 


Discussion Note that the length of the differential fluid column is extended considerably by inclining the manometer arm 
for better readability. 


1-117E Equal volumes of water and oil are poured into a U-tube from different arms, and the oil side is pressurized until 
the contact surface of the two fluids moves to the bottom and the liquid levels in both arms become the same. The excess 
pressure applied on the oil side is to be determined. 


Assumptions 1 Both water and oil are incompressible substances. 2 Oil 
does not mix with water. 3 The cross-sectional area of the U-tube is 
constant. 


Properties The density of oil is given to be poii = 49.3 Ibm/ft®. We take 
the density of water to be py = 62.4 lbm/ft’. 


Analysis Noting that the pressure of both the water and the oil is the 
same at the contact surface, the pressure at this surface can be expressed 
as 


Peeves = Polow + Pagha = Pim t Pwohy, 


Noting that h, = h,, and rearranging, 


Pease blow = Polow = Patim = (Pw — Poil )gh 


3 3 1 lbf 1 ft? 

= (62.4- 49.3 Ibm/ft* )(32.2 ft/s? (30/12 A ————_. | — 
, 32.2 Ibm -ft/s 144 in 

= 0.227 psi 


Discussion When the person stops blowing, the oil will rise and some water will flow into the right arm. It can be shown 
that when the curvature effects of the tube are disregarded, the differential height of water will be 23.7 in to balance 30-in 
of oil. 
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1-118 It is given that an IV fluid and the blood pressures balance each other when the bottle is at a certain height, and a 
certain gage pressure at the arm level is needed for sufficient flow rate. The gage pressure of the blood and elevation of the 
bottle required to maintain flow at the desired rate are to be determined. 


Assumptions 1 The IV fluid is incompressible. 2 The IV bottle is 
open to the atmosphere. 


Properties The density of the IV fluid is given to be p = 1020 kg/m’. 


Analysis (a) Noting that the IV fluid and the blood pressures balance 
each other when the bottle is 0.8 m above the arm level, the gage 
pressure of the blood in the arm is simply equal to the gage pressure 
of the IV fluid at a depth of 0.8 m, 


Fe arm — ‘abs = Pat = PZharm-bottle k k 
1kN 1 kP 
= (1020 kg/m? )(9.81 m/s” )(0.8 m) — Panis 
1000 kg -m/s A 1 kN/m 
=8.0 kPa 


(b) To provide a gage pressure of 15 kPa at the arm level, the height of the bottle from the 
arm level is again determined from Pyage arm = P&Marm-bottle to be 


P 


M arm-bottle = Ae 
pg 
7 15kPa 1000 kg-m/s* f 1KN/m° | is m 
(1020 kg/m?) (9.81 m/s”) 1 kN 1 kPa ` 


Discussion Note that the height of the reservoir can be used to control flow rates in gravity driven flows. When there is 
flow, the pressure drop in the tube due to friction should also be considered. This will result in raising the bottle a little 
higher to overcome pressure drop. 
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1-119E A water pipe is connected to a double-U manometer whose free arm is open to the atmosphere. The absolute 
pressure at the center of the pipe is to be determined. 


Assumptions 1 All the liquids are incompressible. 2 The solubility 


of the liquids in each other is negligible. Oil SG= 


0.80 


Properties The specific gravities of mercury and oil are given to 
be 13.6 and 0.80, respectively. We take the density of water to be 


Py = 62.4 Ibm/fë. | 


3 
Analysis Starting with the pressure at the center of the water pipe, JI | l 40 in 
and moving along the tube by adding (as we go down) or 
subtracting (as we go up) the pgh terms until we reach the free 


surface of oil where the oil tube is exposed to the atmosphere, and 
setting the result equal to Pam gives 


P aerpipe ~ Peet cic + Poil ghoi ~ Pug shi, T Poil ghoit = Potm Mercury 


Solving for Pwater pipe, 


F waierpipe = Paim + Pwaterg (Bowater - SG yi Noi a SG hughug + SG oi Noi) 
Substituting, 
Pater pipe = 14.2 psia + (62.4 lbm/ft* )(32.2 ft/s” )[(35/12 ft) — 0.8(60/12 ft) +13.6(15/12 ft) 


1 lbf 1 ft? 
+ 0.8(40/12 ft)] x b 3 J 

; 32.2 Ibm- ft/s“ \ 144 in 
=22.3 psia 


Therefore, the absolute pressure in the water pipe is 22.3 psia. 


Discussion Note that jumping horizontally from one tube to the next and realizing that pressure remains the same in the 
same fluid simplifies the analysis greatly. 


1-120 The average atmospheric pressure is given as Pim =101.325(1 —0.02256z)°?*° where z is the altitude in km. The 


atmospheric pressures at various locations are to be determined. 


Analysis The atmospheric pressures at various locations are obtained by substituting the altitude z values in km into the 
relation 


Pin = 101.3250 = 0.02256z)>.256 


Atlanta: (z = 0.306 km): Pam = 101.325(1 - 0.02256x0.306)°?° = 97.7 kPa 
Denver: (z = 1.610 km): Pam = 101.325(1 - 0.02256x1.610)°?*° = 83.4 kPa 
M. City: (z = 2.309 km): Pam = 101.325(1 - 0.02256x2.309)°?*° = 76.5 kPa 
Mt. Ev.: (Z = 8.848 km): Pam = 101.325(1 - 0.02256x8.848)°?*° = 31.4 kPa 
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1-53 
1-121 The temperature of the atmosphere varies with altitude z as T = Tọ — Æ , while the gravitational acceleration varies 


by g(z)= go /A+2/ 6,370,320) . Relations for the variation of pressure in atmosphere are to be obtained (a) by ignoring 
and (b) by considering the variation of g with altitude. 


Assumptions The air in the troposphere behaves as an ideal gas. 


Analysis (a) Pressure change across a differential fluid layer of thickness dz in the vertical z direction is 


dP = —pgdz 
; ; : ; P 
From the ideal gas relation, the air density can be expressed as p = = . Then, 
RT R(T,- £z) 
piit gd 
R(T, - z) 


Separating variables and integrating from z = 0 where P = P) to z =z where P =P, 


f dP _ [ gdz 
RPO h R -A) 
Performing the integrations. 
Foa 
P_ 8g n2 fz 


In = 
P RB To 


Rearranging, the desired relation for atmospheric pressure for the case of constant g becomes 


8 
2)" 


p=nfi 
0 


(b) When the variation of g with altitude is considered, the procedure remains the same but the expressions become more 
complicated, 


dP = P £o dz 


R(T — Æ) (1+ z / 6,370,320)? 


Separating variables and integrating from z = 0 where P = P, to z =z where P =P, 


F dP [ g&o dz 
R P 0 R(T} — z)(1+ z / 6,370,320)" 


Performing the integrations, 


Zz 


1 1 l+kz 
In 


InP a es 
(1+ kT) /B)(l+kz) (l+kT)/B)? -fz 


ae 
Ph RB 


0 


where R = 287 J/kg-K = 287 m’/s~K is the gas constant of air. After some manipulations, we obtain 


Zo 1 J 1 s 1+ kz 
R(B+kTo)\1+1/kz 1+kūọ/f 1-Æ/To 


P=P os} 


where Ty = 288.15 K, B = 0.0065 K/m, gy = 9.807 m/s’, k = 1/6,370,320 m’, and z is the elevation in m. 


Discussion When performing the integration in part (b), the following expression from integral tables is used, together with 
a transformation of variable x = T) — fz , 


x(a+bx)* ~ a(atbx) a? x 


dx 1 1 at+bx 
f In 


Also, for z = 11,000 m, for example, the relations in (a) and (b) give 22.62 and 22.69 kPa, respectively. 
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1-122 The variation of pressure with density in a thick gas layer is given. A relation is to be obtained for pressure as a 


function of elevation z. 


Assumptions The property relation P = Cp” is valid over the entire region considered. 


Analysis The pressure change across a differential fluid layer of thickness dz in the vertical z direction is given as, 


dP =—pgdz 


Also, the relation P = Cp” can be expressed as C= P/ p” = P) / pọ , and thus 


P = p (P/ P)” 
Substituting, 


dP = -gp (P / P))"” dz 


Separating variables and integrating from z = 0 where P = P) =Cpj toz=z where P =P, 


P: z 
f (P/P) "dP = -pog | dz 
P, 0 
Performing the integrations. 


(PI Py"! 


P (n-1)/n 
> f 1 
Sopro = 
-1/n+1 le P, 
P 


0 


Solving for P, 


n/(n-1) 
n-1 Pet) 


which is the desired relation. 


1-54 


Discussion The final result could be expressed in various forms. The form given is very convenient for calculations as it 


facilitates unit cancellations and reduces the chance of error. 
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1-123 A pressure transducers is used to measure pressure by generating analogue signals, and it is to be calibrated by 
measuring both the pressure and the electric current simultaneously for various settings, and the results are tabulated. A 
calibration curve in the form of P = al + b is to be obtained, and the pressure corresponding to a signal of 10 mA is to be 
calculated. 


Assumptions Mercury is an incompressible liquid. 
Properties The specific gravity of mercury is given to be 13.56, and thus its density is 13,560 kg/m’. 
Analysis For a given differential height, the pressure can be calculated from 

P = pg^h 


For Ah = 28.0 mm = 0.0280 m, for example, 


1kN 1kP 
P =13.56(1000 kg/m? )(9.81 m/s” )(0.0280 m) 7 l a 7 ) =3.75 kPa 
1000 kg : m/s 1 kN/m 


Repeating the calculations and tabulating, we have 


Ah(mm) | 28.0 | 181.5 | 297.8 413.1 765.9 1027 | 1149 1362 1458 1536 
P(kPa) | 3.73 | 24.14 | 39.61 | 54.95 | 101.9 | 136.6 | 152.8 | 181.2 | 193.9 | 204.3 
I(mA) | 4.21 | 5.78 6.97 8.15 11.76 14.43 | 15.68 17.86 18.84 19.64 


A plot of P versus J is given below. It is clear that the pressure 

varies linearly with the current, and using EES, the best curve fit 

obtained to be 

P=13.007-51.00 (kPa) for 4.21</<19.64. Presser 


transducer 


Multimeter 


For Z= 10 mA, for example, we would get 


P=79.0 kPa 
225 
Rigid container 
180 Manometer 
Mercury 
135 SG = 13.56 
© 
& 
= 90 
Qa 
45 
(0) 
4 6 8 10 12 14 16 18 20 


Discussion Note that the calibration relation is valid in the specified range of currents or pressures. 
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1-124 The flow of air through a wind turbine is considered. Based on unit considerations, a proportionality relation is to be 
obtained for the mass flow rate of air through the blades. 


Assumptions Wind approaches the turbine blades with a uniform velocity. 


Analysis The mass flow rate depends on the air density, average wind velocity, and the cross-sectional area which depends 
on hose diameter. Also, the unit of mass flow rate m is kg/s. Therefore, the independent quantities should be arranged such 
that we end up with the proper unit. Putting the given information into perspective, we have 


m [kg/s] isa function of p [kg/m’], D [m], and V [m/s} 


It is obvious that the only way to end up with the unit “kg/s” for mass flow rate is to multiply the quantities o and V with 
the square of D. Therefore, the desired proportionality relation is 


m is proportional to pD’V 
or, 
m = CpD°V 
where the constant of proportionality is C =7/4 so that m = p(aD* /4)V 


Discussion Note that the dimensionless constants of proportionality cannot be determined with this approach. 


1-125 A relation for the air drag exerted on a car is to be obtained in terms of on the drag coefficient, the air density, the 
car velocity, and the frontal area of the car. 


Analysis The drag force depends on a dimensionless drag coefficient, the air density, the car velocity, and the frontal area. 
Also, the unit of force F is newton N, which is equivalent to kg-m/s’. Therefore, the independent quantities should be 
arranged such that we end up with the unit kg-m/s’ for the drag force. Putting the given information into perspective, we 
have 


Fp [kgm/s°] <> Cbrag[], Aton [m], p [kg/m*], and V [m/s] 


It is obvious that the only way to end up with the unit “kg-m/s”” for drag force is to multiply mass with the square of the 
velocity and the fontal area, with the drag coefficient serving as the constant of proportionality. Therefore, the desired 
relation is 


Fp = Chae PAs 


Discussion Note that this approach is not sensitive to dimensionless quantities, and thus a strong reasoning is required. 
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Fundamentals of Engineering (FE) Exam Problems 


1-126 Consider a fish swimming 5 m below the free surface of water. The increase in the pressure exerted on the fish when 
it dives to a depth of 25 m below the free surface is 


(a) 196 Pa (b) 5400 Pa (c) 30,000 Pa (d) 196,000 Pa (e) 294,000 Pa 
Answer (d) 196,000 Pa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1000 "kg/m3" 

g=9.81 "m/s2" 

z1=5 "m" 

Z2=25 "m" 
DELTAP=rho*g*(z2-21) "Pa" 


"Some Wrong Solutions with Common Mistakes:" 
W1_P=rho*g*(z2-z1)/1000 "dividing by 1000" 
W2_P=rho*g*(z1+z2) "adding depts instead of subtracting" 
W3_P=rho%(z1+z2) "not using g" 

W4_P=rho*g*(0+z2) "ignoring z1" 


1-127 The atmospheric pressures at the top and the bottom of a building are read by a barometer to be 96.0 and 98.0 kPa. If 
the density of air is 1.0 kg/m’, the height of the building is 


(a) 17m (b) 20m (c) 170 m (d) 204 m (e) 252m 
Answer (d) 204m 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1.0 "kg/m3" 
g=9.81 "m/s2" 

P1=96 "kPa" 

P2=98 "kPa" 
DELTAP=P2-P1 "kPa" 
DELTAP=rho*g*h/1000 "kPa" 


"Some Wrong Solutions with Common Mistakes:" 


DELTAP=rho*W1_h/1000 "not using g" 

DELTAP=g*W2_h/1000 "not using rho" 
P2=rho*g*W3_h/1000 "ignoring P1" 
P1=rho*g*W4_h/1000 "ignoring P2" 
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1-128 An apple loses 4.5 kJ of heat as it cools per °C drop in its temperature. The amount of heat loss from the apple 
per °F drop in its temperature is 


(a) 1.25 kJ (b) 2.50 kJ (c) 5.0 kJ (d) 8.1 kJ (e) 4.1 kJ 
Answer (b) 2.50 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q_perC=4.5 "kJ" 
Q_perF=Q_perC/1.8 "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q=Q _perC*1.8 "multiplying instead of dividing" 
W2_Q=Q _perC "setting them equal to each other" 


1-129 Consider a 2-m deep swimming pool. The pressure difference between the top and bottom of the pool is 
(a) 12.0 kPa (b) 19.6 kPa (c) 38.1 kPa (d) 50.8 kPa (e) 200 kPa 
Answer (b) 19.6 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1000 "kg/m^3" 
g=9.81 "m/s2" 

z1=0 "m" 

z2=2 "m" 
DELTAP=rho*g*(z2-z1)/1000 "kPa" 


"Some Wrong Solutions with Common Mistakes:" 
W1_P=rho*(z1+z2)/1000 "not using g" 
W2_P=rho*g*(z2-z1)/2000 "taking half of z" 
W3_P=rho*g*(z2-z1) "not dividing by 1000" 
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1-130 At sea level, the weight of 1 kg mass in SI units is 9.81 N. The weight of 1 Ibm mass in English units is 
(a) 1 lbf (b) 9.81 lbf (c) 32.2 lbf (d) 0.1 lbf (e) 0.031 lbf 
Answer (a) 1 lbf 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=1 "Ibm" 
g=32.2 "ft/s2" 
W=m*g/32.2 "Ibf" 


"Some Wrong Solutions with Common Mistakes:" 
gS1=9.81 "m/s2" 

W1_W= m*gSI "Using wrong conversion" 
W2_W= m*g "Using wrong conversion" 

W3_W= m/gSI "Using wrong conversion" 
W4_W= m/g "Using wrong conversion" 


1-131 During a heating process, the temperature of an object rises by 10°C. This temperature rise is equivalent to a 
temperature rise of 

(a) 10°F (b) 42°F (c) 18K (d) 18 R (e)283 K 

Answer (d) 18 R 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T_inC=10 "C" 
T_inR=T_inC*1.8 "R" 


"Some Wrong Solutions with Common Mistakes:" 
W1_TinF=T_inC "F, setting C and F equal to each other" 
W2_TinF=T_inC*1.8+32 "F, converting to F " 
W3_TinK=1.8*T_inC "K, wrong conversion from C to K" 
W4_TinK=T_inC+273 "K, converting to K" 


1-132, 1-133 Design and Essay Problems 
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2-1 
Solutions Manual for 
Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 2 


ENERGY, ENERGY TRANSFER, AND 
GENERAL ENERGY ANALYSIS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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2-2 


Forms of Energy 


2-1C The macroscopic forms of energy are those a system possesses as a whole with respect to some outside reference 
frame. The microscopic forms of energy, on the other hand, are those related to the molecular structure of a system and the 
degree of the molecular activity, and are independent of outside reference frames. 


2-2C The sum of all forms of the energy a system possesses is called total energy. In the absence of magnetic, electrical 
and surface tension effects, the total energy of a system consists of the kinetic, potential, and internal energies. 


2-3C Thermal energy is the sensible and latent forms of internal energy, and it is referred to as heat in daily life. 


2-4C The mechanical energy is the form of energy that can be converted to mechanical work completely and directly by a 
mechanical device such as a propeller. It differs from thermal energy in that thermal energy cannot be converted to work 
directly and completely. The forms of mechanical energy of a fluid stream are kinetic, potential, and flow energies. 


2-5C Hydrogen is also a fuel, since it can be burned, but it is not an energy source since there are no hydrogen reserves in 
the world. Hydrogen can be obtained from water by using another energy source, such as solar or nuclear energy, and then 
the hydrogen obtained can used as a fuel to power cars or generators. Therefore, it is more proper to view hydrogen is an 
energy carrier than an energy source. 


2-6E The total kinetic energy of an object is given is to be determined. 


Analysis The total kinetic energy of the object is given by 


y? (100 ft/s)? l 1 Btu/lbm 


KE = m— = (15 lbm) = 3.00 Btu 
2 2 25,037 ft/s? 


2-7 The total kinetic energy of an object is given is to be determined. 


Analysis The total kinetic energy of the object is given by 


v? (20 m/s)? ( 1kJ/kg 


KE = m — = (100 kg) )=20.0 kJ 
2 2 1000 m?/s? 
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2-8E The specific potential energy of an object is to be determined. 
Analysis In the English unit system, the specific potential energy in Btu is given by 


1Btu/lbm 


pe = gz = (32.1 ft/s? )(100 ft} ————_— 
25,037 ft?/s? 


= 0.128 Btullbm 


2-9E The total potential energy of an object is to be determined. 
Analysis Substituting the given data into the potential energy expression gives 


1Btu/lbm 


————_ |= 2.57 Btu 
25,037 ft*/s* 


PE = mgz = (200 lbm)(32.2 ft/s” )(10 ef 


2-10 The total potential energy of an object that is below a reference level is to be determined. 
Analysis Substituting the given data into the potential energy expression gives 


1kJ/kg 
1000 m?/s? 


PE = mgz = (20 kg)(9.5 m/s* )(—20 m| ) = -3.8 kJ 


2-11 A person with his suitcase goes up to the 10" floor in an elevator. The part of the energy of the elevator stored in the 
suitcase is to be determined. 


Assumptions 1 The vibrational effects in the elevator are negligible. 
Analysis The energy stored in the suitcase is stored in the form of potential energy, which is mgz. Therefore, 


1kJ/kg 


ane =10.3kJ 
1000 m“/s 


AE uitase = APE = mgAz = (30 kg)(9.81 m/s” )(35 mf 


Therefore, the suitcase on 10" floor has 10.3 kJ more energy compared to an identical suitcase on the lobby level. 


Discussion Noting that 1 kWh = 3600 kJ, the energy transferred to the suitcase is 10.3/3600 = 0.0029 kWh, which is very 
small. 
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2-12 A hydraulic turbine-generator is to generate electricity from the water of a large reservoir. The power generation 
potential is to be determined. 


Assumptions 1 The elevation of the reservoir remains constant. 
2 The mechanical energy of water at the turbine exit is 
negligible. 


Analysis The total mechanical energy water in a reservoir 
possesses is equivalent to the potential energy of water at the 
free surface, and it can be converted to work entirely. 
Therefore, the power potential of water is its potential energy, 
which is gz per unit mass, and mgz for a given mass flow rate. 


H Generator 


1kJ/kg 


e = pe = gz = (9.81 m/s*)(160 mj =1.574 kJ/kg 
se 1000 m2/s2 


Then the power generation potential becomes 


Wmax = E mech = Me meen = (3500 kg/s)(1.574 wef E) =5509 kW 
5 


Therefore, the reservoir has the potential to generate 1766 kW of power. 


Discussion This problem can also be solved by considering a point at the turbine inlet, and using flow energy instead of 
potential energy. It would give the same result since the flow energy at the turbine inlet is equal to the potential energy at 
the free surface of the reservoir. 


2-13 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass and the power generation 
potential are to be determined. 


Assumptions The wind is blowing steadily at a constant 


uniform velocity. —-? Wind 

Properties The density of air is given to be p= 1.25 kg/m’. Wind turbine 

Analysis Kinetic energy is the only form of mechanical 10 m/s 60 
energy the wind possesses, and it can be converted to work — > Y 
entirely. Therefore, the power potential of the wind is its 

kinetic energy, which is V’/2 per unit mass, and mV? /2 for —> 


a given mass flow rate: 


2 (10m/s)? / 1kJ/k 
e yee zt 5) í 8 


= = 0.050 kJ/k 
mech 2 2 1000 m?/s? ) 2 


2 


aD 2 
h= pVA= pV ——= (1.25 kg/m?)(10 m/s) 200m) 


= 35,340 kg/s 


W. = 


‘max = Ë mech = me (35,340 kg/s)(0.050 kJ/kg) = 1770 kW 


mech — 
Therefore, 1770 kW of actual power can be generated by this wind turbine at the stated conditions. 


Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 
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2-14 A water jet strikes the buckets located on the perimeter of a wheel at a specified velocity and flow rate. The power 
generation potential of this system is to be determined. 


Assumptions Water jet flows steadily at the specified speed and flow rate. 


Analysis Kinetic energy is the only form of harvestable mechanical 
energy the water jet possesses, and it can be converted to work entirely. 
Therefore, the power potential of the water jet is its kinetic energy, 


which is V’/2 per unit mass, and mV? /2 for a given mass flow rate: 


V? (60ms)*(_ 1kJ/kg 
e =ke= = =1.8kJ/k 
meei 2 2 (1000 m?/s? z 
Wmax = È mech = Me mech Nozzle 
= (120 kg/s)(1.8 kJ/kg) zaan 216 kW 
1kJ/s 


Therefore, 216 kW of power can be generated by this water jet at the 
stated conditions. 


Discussion An actual hydroelectric turbine (such as the Pelton wheel) can convert over 90% of this potential to actual 
electric power. 
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2-5 


2-6 
2-15 Two sites with specified wind data are being considered for wind power generation. The site better suited for wind 


power generation is to be determined. 


Assumptions 1The wind is blowing steadily at specified velocity during specified times. 2 The wind power generation is 
negligible during other times. 


Properties We take the density of air to be p = 1.25 kg/m’ (it 


does not affect the final answer). ; Wind 
Wind turbine 

Analysis Kinetic energy is the only form of mechanical energy 

the wind possesses, and it can be converted to work entirely. V, m/s 

Therefore, the power potential of the wind is its kinetic energy, — 


which is V’/2 per unit mass, and mV? /2 for a given mass flow 
rate. Considering a unit flow area (A = 1 m’), the maximum wind => 
power and power generation becomes 


CAN ke | \) en: Cot, Sec 
e =ke, =— = = 0.0245 kJ/k 
PASE 2 (soos m?/s? ) ? 
V? (0 m/s)? ( 1kJ/kg ) 
e = ke, = — = ————_| ———_ | = 0.050 kJ/k 
ia ce 2 \1000m2/s j 
W max,1 = Emech,1 = 1E mech, 1 = PV Ake, = (1.25 kg/m*)(7 m/s)(1m*)(0.0245 kJ/kg) = 0.2144 kw 
W max, 2 =Emech,2 = !2€mech,2 = PV2Ake, = (1.25 kg/m? )(10 m/s)(1m? )(0.050 kJ/kg) = 0.625 kw 


since 1 kW = 1 kJ/s. Then the maximum electric power generations per year become 


Emax,1 = Wmax, 14t; = (0.2144 kw)(3000 h/yr) = 643 kWhlyr (per m? flow area) 


Emax,2 = Wmax, 24t; = (0.625 kW)(2000 h/yr) = 1250 kWhlyr (per m* flow area) 


Therefore, second site is a better one for wind generation. 


Discussion Note the power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the 
average wind velocity is the primary consideration in wind power generation decisions. 
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2-7 


2-16 A river flowing steadily at a specified flow rate is considered for hydroelectric power generation by collecting the 
water in a dam. For a specified water height, the power generation potential is to be determined. 


Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The mechanical energy of water at the 
turbine exit is negligible. 


Properties We take the density of water to be p = 1000 kg/m’. River 


Analysis The total mechanical energy the water in a dam possesses 
is equivalent to the potential energy of water at the free surface of 
the dam (relative to free surface of discharge water), and it can be 
converted to work entirely. Therefore, the power potential of water 
is its potential energy, which is gz per unit mass, and mgz for a 


given mass flow rate. 


1kJ/kg 


ais | = 0.7848 kJ/kg 
1000 m“/s 


Cmech = Pe = gz =(9.81m/s”)(80 my 


The mass flow rate is 
r= pV = (1000 kg/m?)(175 m?/s) = 175,000 kg/s 
Then the power generation potential becomes 


1MW 
1000 kJ/s 


Winax = E 


max mech 


me 


mech 


(175,000 kg/s)(0.7848 Kk =137 MW 


Therefore, 137 MW of power can be generated from this river if its power potential can be recovered completely. 


Discussion Note that the power output of an actual turbine will be less than 137 MW because of losses and inefficiencies. 
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2-8 


2-17 A river is flowing at a specified velocity, flow rate, and elevation. The total mechanical energy of the river water per 
unit mass, and the power generation potential of the entire river are to be determined. 


Assumptions 1 The elevation given is the elevation of the free surface of the river. 2 The velocity given is the average 
velocity. 3 The mechanical energy of water at the turbine exit is negligible. 


Properties We take the density of water to be p = 1000 kg/m’. 


River 


Analysis Noting that the sum of the flow energy and the 
potential energy is constant for a given fluid body, we can 
take the elevation of the entire river water to be the elevation 
of the free surface, and ignore the flow energy. Then the total 
mechanical energy of the river water per unit mass becomes 


y? 3 (3m/s)* Y 1kJ/kg 
e = pe + ke = gh + — =| (9.81 m/s^)(90 m) + = 0.887 kJ/k 
mech P g 2 f X ) 2 1000 melee g 


The power generation potential of the river water is obtained by multiplying the total mechanical energy by the mass flow 
rate, 


rù = pV = (1000 kg/m?)(500 m/s) = 500,000 kg/s 


Worax = Emech = T@mech = (500,000 kg/s)(0.887 kJ/kg) = 444,000 kw = 444 MW 


Therefore, 444 MW of power can be generated from this river as it discharges into the lake if its power potential can be 
recovered completely. 


Discussion Note that the kinetic energy of water is negligible compared to the potential energy, and it can be ignored in the 
analysis. Also, the power output of an actual turbine will be less than 444 MW because of losses and inefficiencies. 
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Energy Transfer by Heat and Work 


2-18C Energy can cross the boundaries of a closed system in two forms: heat and work. 


2-19C The form of energy that crosses the boundary of a closed system because of a temperature difference is heat; all 
other forms are work. 


2-20C An adiabatic process is a process during which there is no heat transfer. A system that does not exchange any heat 
with its surroundings is an adiabatic system. 


2-21C Point functions depend on the state only whereas the path functions depend on the path followed during a process. 
Properties of substances are point functions, heat and work are path functions. 


2-22C (a) The car's radiator transfers heat from the hot engine cooling fluid to the cooler air. No work interaction occurs in 
the radiator. 


(b) The hot engine transfers heat to cooling fluid and ambient air while delivering work to the transmission. 


(c) The warm tires transfer heat to the cooler air and to some degree to the cooler road while no work is produced. 
No work is produced since there is no motion of the forces acting at the interface between the tire and road. 


(d) There is minor amount of heat transfer between the tires and road. Presuming that the tires are hotter than the 
road, the heat transfer is from the tires to the road. There is no work exchange associated with the road since it cannot 
move. 


(e) Heat is being added to the atmospheric air by the hotter components of the car. Work is being done on the air 
as it passes over and through the car. 


2-23C When the length of the spring is changed by applying a force to it, the interaction is a work interaction since it 
involves a force acting through a displacement. A heat interaction is required to change the temperature (and, hence, 
length) of the spring. 
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2-10 


2-24C (a) From the perspective of the contents, heat must be removed in order to reduce and maintain the content's 
temperature. Heat is also being added to the contents from the room air since the room air is hotter than the contents. 


(b) Considering the system formed by the refrigerator box when the doors are closed, there are three interactions, 
electrical work and two heat transfers. There is a transfer of heat from the room air to the refrigerator through its walls. 
There is also a transfer of heat from the hot portions of the refrigerator (i.e., back of the compressor where condenser is 
placed) system to the room air. Finally, electrical work is being added to the refrigerator through the refrigeration system. 


(c) Heat is transferred through the walls of the room from the warm room air to the cold winter air. Electrical 
work is being done on the room through the electrical wiring leading into the room. 


2-25C (a) As one types on the keyboard, electrical signals are produced and transmitted to the processing unit. 
Simultaneously, the temperature of the electrical parts is increased slightly. The work done on the keys when they are 
depressed is work done on the system (i.e., keyboard). The flow of electrical current (with its voltage drop) does work on 
the keyboard. Since the temperature of the electrical parts of the keyboard is somewhat higher than that of the surrounding 
air, there is a transfer of heat from the keyboard to the surrounding air. 


(b) The monitor is powered by the electrical current supplied to it. This current (and voltage drop) is work done 
on the system (i.e., monitor). The temperatures of the electrical parts of the monitor are higher than that of the surrounding 
air. Hence there is a heat transfer to the surroundings. 


(c) The processing unit is like the monitor in that electrical work is done on it while it transfers heat to the 
surroundings. 


(d) The entire unit then has electrical work done on it, and mechanical work done on it to depress the keys. It also 
transfers heat from all its electrical parts to the surroundings. 


2-26 The power produced by an electrical motor is to be expressed in different units. 


Analysis Using appropriate conversion factors, we obtain 


(a) w=ow) 28/2" )-sn-mis 


1W 1J 
2 
O  W=6 wnmy ame |-ka: me 
1W 1J 1N 


2-27E The power produced by a model aircraft engine is to be expressed in different units. 


Analysis Using appropriate conversion factors, we obtain 


(a) W =(10 wf 1 Btu/s I 778.169 lbf ts) _ 7.38 Ibf-ttls 
1055.056 W 1 Btu/s 
. 1hp 
b W =(10 W) ———— |=0.0134h 
a , ate) 
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Mechanical Forms of Work 


2-28C The work done is the same, but the power is different. 


2-29 A car is accelerated from rest to 100 km/h. The work needed to achieve this is to be determined. 


Analysis The work needed to accelerate a body the change in kinetic energy of the body, 


2 
W, = Z m(V; - V’) = = (800 les =) | aa | =309 kJ 


3600 s 1000 kg- m°/s? 


2-30E A construction crane lifting a concrete beam is considered. The amount of work is to be determined considering (a) 
the beam and (b) the crane as the system. 


Analysis (a) The work is done on the beam and it is determined from 


1lbf 


ranw E RO 
32.174 Ibm - ft/s? 
= 144,000 Ibf - ft 24 ft 


= (14,000 bo TBh )-105 Btu mt oF 


778.169 lbf - ft 


W = mgAz = (2 x 3000 Ibm)(32.174 ft/s? 


(b) Since the crane must produce the same amount of work as is required 
to lift the beam, the work done by the crane is 


W =144,000 Ibf. ft = 185 Btu 


2-31E A man is pushing a cart with its contents up a ramp that is inclined at an angle of 10° from the horizontal. The work 
needed to move along this ramp is to be determined considering (a) the man and (b) the cart and its contents as the system. 


Analysis (a) Considering the man as the system, letting l be the displacement along the ramp, and letting 6 be the 
inclination angle of the ramp, 


W = Fl sin 6 = (100 +180 lbf )(100 ft)sin(10) = 4862 Ibf - ft 
1Btu 
778.169 lbf -ft 


= (4862 lbf nf ) = 6.248 Btu 


This is work that the man must do to raise the weight of the cart and contents, plus his own weight, a distance of Isin@. 
(b) Applying the same logic to the cart and its contents gives 

W = Fl sin 6 = (100 lbf )(100 ft)sin(10) = 1736 Ibf - ft 
1Btu 


= (1736 Ibf -fù —————— 
778.169 lbf -ft 


) = 2.231Btu 
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2-32E The work required to compress a spring is to be determined. 


Analysis Since there is no preload, F = kx. Substituting this into the work expression gives 


2 2 2 
W= | Fds= | kad = kf xd = (x3 -x?) Ie 
1 


1 1 zi 
LeU ain? ol rut )=8.331bt-ft a x 
2 12in 
= (8.33 bf f peu ) -0.0107 Btu ae 


778.169 lbf - ft 


2-33E The work required to expand a soap bubble is to be determined. 


Analysis The surface tension work is determined from 


2 
W= f o ,dA=o(A, — Ay) = (0.005 Ibt/ft)4x|(2 /12 ft)? —(0.5/12 f2] 
1 


= 0.00164 Ibf - ft = (0.001641bf -fo — B® — |-=2.11x10® Btu 
778.2 lbf - ft 


2-34E The work required to stretch a steel rod in a specieid length is to be determined. 
Assumptions The Young’s modulus does not change as the rod is stretched. 


Analysis The original volume of the rod is 


v, = zD? , _ #(0.5in)’ 
4 4 


The work required to stretch the rod 0.125 in is 


(12 in) = 2.356 in? 


YE 
Wei =a)) 


TE: beg 
_ (2.356in au ) [0.1257121n)? -0?] 


= 2.835 Ibf -in = (2.835 lbf -in| — B® | = 4.11x10"4 Btu 
9338 Ibf -in 
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2-13 
2-35E The work required to compress a spring is to be determined. 


Analysis The force at any point during the deflection of the spring is given by F = Fy + kx, where Fo is the initial force and 
x is the deflection as measured from the point where the initial force occurred. From the perspective of the spring, this 
force acts in the direction opposite to that in which the spring is deflected. Then, 


2 2 
W =| Fds = | (Fo + kxdx i? 
1 1 


2 


k ce 
= Fy(X2 x) +503 xr) x 


= (100 Ibf)[(1- 0)in]+ me a? —02)in2 


= 200 lbf -in 


= (200 Ibf in ee | nt = 0.0214 Btu 


778.169 lbf -ft A. 12 in 


2-36 The work required to compress a spring is to be determined. 


Analysis Since there is no preload, F = kx. Substituting this into the work expression gives 


lig 


= SON [(0.03m)? -0?] Vy 


=0.135kN-m 
1kJ ee 


= (0.135 kN - m) = 0.135 kJ 
1kN-m 


2 2 2 k 
W f Fas f xa k | xax 5 O82 x7) 
1 1 1 
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2-14 


2-37 A ski lift is operating steadily at 10 km/h. The power required to operate and also to accelerate this ski lift from rest to 
the operating speed are to be determined. 


Assumptions 1 Air drag and friction are negligible. 2 The average mass of each loaded chair is 250 kg. 3 The mass of 
chairs is small relative to the mass of people, and thus the contribution of returning empty chairs to the motion is 
disregarded (this provides a safety factor). 


Analysis The lift is 1000 m long and the chairs are spaced 20 m apart. Thus at any given time there are 1000/20 = 50 chairs 
being lifted. Considering that the mass of each chair is 250 kg, the load of the lift at any given time is 


Load = (50 chairs)(250 kg/chair) = 12,500 kg 
Neglecting the work done on the system by the returning empty chairs, the work needed to raise this mass by 200 m is 


1kJ 
1000 kg-m?/s? 


W, =mg(z, —z,)= (12,500 kg)(9.81 m/s” (200 of = 24,525 kJ 


At 10 km/h, it will take 


fe: distance a! km 


= — = =0.1h = 360s 
velocity 10km/h 


to do this work. Thus the power needed is 


Wg 24,525 kJ 
9 == = 68.1 kW 
At 360s 


The velocity of the lift during steady operation, and the acceleration during start up are 


1m/s 


V =(10 kanf 
3.6 km/h 


) = 2.778 m/s 


E AV _ 2.778m/s-0 
At 5s 


= 0.556 m/s? 


During acceleration, the power needed is 


1 


. 2 «72 1 2 1 kJ/kg 
Wa =Sm(Vz -VP )/ At == (12,500 kg)((2.778 m/s)? -0 


1000 m?/s? 


: Jo s) = 9.6 kW 


Assuming the power applied is constant, the acceleration will also be constant and the vertical distance traveled during 
acceleration will be 


is a ane ss a V e n ES Oe 
2 2 1000m 2 
and 
; 1 kJ/k 
W, =mg(z, —z,)/ At = (12,500 kg)(9.81 m/s” )(1.39 m) —— (5s) =34.1 kW 
1000 kg-m‘*/s 
Thus, 


Woot =Wa +W, =9.6 +34.1= 43.7 kW 
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2-15 
2-38 A car is to climb a hill in 12 s. The power needed is to be determined for three different cases. 
Assumptions Air drag, friction, and rolling resistance are negligible. 


Analysis The total power required for each case is the sum of the rates 
of changes in potential and kinetic energies. That is, 


W otal = Wa + Wa 


(a) W, =Q since the velocity is constant. Also, the vertical 
rise is h = (100 m)(sin 30°) = 50 m. Thus, 


1kJ 
1000 kg - m°/s? 


W, =mg(z» —z,)/ At = (1150 kg)(9.81 m/s” (50 of 


Joz s) = 47.0 kW 


and W 


otal =Wa +W; =0+ 47.0 = 47.0 KW 
(b) The power needed to accelerate is 


1kJ 
1000 kg : m°/s? 


W, = T ~V,?)/At= 5 (1150 kgo m/s)? of Je s) =43.1kW 


and Wrotal =Wa +W; =47.0+ 43.1=90.1 kW 
(c) The power needed to decelerate is 


W, = mv -Vř)/At= 5 (1150 kols m/s)? —(35 m/s)? | 


1kJ 
1000 kg - m°/s? 


Jaz s) = -57.5 kW 


and W 


tota! 


=W, + W, =-57.5+ 47.1= -10.5 kW (breaking power) 


2-39 A damaged car is being towed by a truck. The extra power needed is to be determined for three different cases. 
Assumptions Air drag, friction, and rolling resistance are negligible. 


Analysis The total power required for each case is the sum of the rates of changes in potential and kinetic energies. That is, 


W 


total 7 Wa +W 
(a) Zero. 


(b) W, =0. Thus, 


W 


total 7 


. Az 
W, =mg(Z, —2z,)/At = mg mgV, = mgV sin 30° 
t 


E »(50,000m\ 1kJ/kg 
= (1200 kg)(9.81m/s?) 
3600s | 1000 m?/s 


- Jos = 81.7 kW 
(c) W, =0. Thus, 


: 1 1 
Wootal = Wa = a -V7 )/At = go kg) 


1000 m?/s 


90,000 m) _ f _1 g 
3600 5 


ac s) = 31.3 kW 
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2-16 
The First Law of Thermodynamics 


2-40C No. This is the case for adiabatic systems only. 


2-41C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass transport. 


2-42C Warmer. Because energy is added to the room air in the form of electrical work. 


2-43E The high rolling resistance tires of a car are replaced by low rolling resistance ones. For a specified unit fuel cost, the 
money saved by switching to low resistance tires is to be determined. 


Assumptions 1The low rolling resistance tires deliver 2 mpg over all velocities. 2 The car is driven 15,000 miles per year. 
Analysis The annual amount of fuel consumed by this car on high- and low-rolling resistance tires are 


Miles dri 15,000 miles/ 
Annual Fuel Consumption jig, = ee eG gal/year 


Miles per gallon 35 miles/gal 


Miles dri 15,000 miles/ 
Annual op iles driven per year _ 15,000 miles/year 


= 405.4 gal/year 
Miles per gallon 37 miles/gal 


Then the fuel and money saved per year become 


Fuel Savings = Annual Fuel Consumption pign — Annual Fuel Consumption zow 


= 428.6 gal/year — 405.4 gal/year = 23.2 gal/year 
Cost savings = (Fuel savings)(Unit cost of fuel) = (23.2 gal/year)($2.20/gal) = $51.0/year 


Discussion A typical tire lasts about 3 years, and thus the low rolling resistance tires have the potential to save about $150 
to the car owner over the life of the tires, which is comparable to the installation cost of the tires. 


2-44 The specific energy change of a system which is accelerated is to be determined. 


Analysis Since the only property that changes for this system is the velocity, only the kinetic energy will change. The 
change in the specific energy is 


Ake = 


V% -V° _ (30m/s)? —(Om/s)* ( 1kJ/kg 
2 


= 0.45 kJ/k 
2 1000 m?/s? ) s 
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2-45 The specific energy change of a system which is raised is to be determined. 


Analysis Since the only property that changes for this system is the elevation, only the potential energy will change. The 
change in the specific energy is then 


1kJ/kg 


00 m?/s? 


Ape = g(z - z1) = (9.8m/s* )(100 - 0) m| ) = 0.98 kJ/kg 
10 


2-46E A water pump increases water pressure. The power input is to be determined. 


Analysis The power input is determined from 


W =0(P, -P,) 50 psia «— 


ES E 1 2™ í 1hp ) a Water 
5.404 psia - ft? (0.7068 Btu/s 10 psia 


=12.6 hp 


The water temperature at the inlet does not have any significant effect on the required power. 


2-47 A classroom is to be air-conditioned using window air-conditioning units. The cooling load is due to people, lights, 
and heat transfer through the walls and the windows. The number of 5-kW window air conditioning units required is to be 
determined. 


Assumptions There are no heat dissipating equipment (such as computers, TVs, or ranges) in the room. 


Analysis The total cooling load of the room is determined from 


Qeooling = Qights + Qpeople + Qheat gain 


where 
Qigns = 10x 100 W =1kW 
Queople = 40 x 360 kJ /h = 4 kw Room 
Gres, gain = 15,000 kJ / h = 4.17 kW 15,000 kJ/h 40 people Qeoot 
10 bulbs 
Substituting, 


Qoooling =1+4+ 4.17 = 9.17 kw 


Thus the number of air-conditioning units required is 


= 1.83 >2 units 


5 kW/unit 
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2-48 The lighting energy consumption of a storage room is to be reduced by installing motion sensors. The amount of 
energy and money that will be saved as well as the simple payback period are to be determined. 


Assumptions The electrical energy consumed by the ballasts is negligible. 


Analysis The plant operates 12 hours a day, and thus currently the lights are on for the entire 12 hour period. The motion 
sensors installed will keep the lights on for 3 hours, and off for the remaining 9 hours every day. This corresponds to a total 
of 9x365 = 3285 off hours per year. Disregarding the ballast factor, the annual energy and cost savings become 


Energy Savings = (Number of lamps)(Lamp wattage)(Reduction of annual operating hours) 
= (24 lamps)(60 W/lamp )(3285 hours/year) 


= 4730 kWhlyear \ a J 


Cost Savings = (Energy Savings)(Unit cost of energy) _~ S&S 
= (4730 kWh/year)($0.08/kWh) 
7 ® 
= $378/year 


The implementation cost of this measure is the sum of the purchase price of 
the sensor plus the labor, 


Implementation Cost = Material + Labor = $32 + $40 = $72 
This gives a simple payback period of 


Implementation cost $72 


Simple payback period = = 0.19 year (2.3 months) 


Annual cost savings ~ $378 / year 


Therefore, the motion sensor will pay for itself in about 2 months. 


2-49 The classrooms and faculty offices of a university campus are not occupied an average of 4 hours a day, but the lights 
are kept on. The amounts of electricity and money the campus will save per year if the lights are turned off during 
unoccupied periods are to be determined. 


Analysis The total electric power consumed by the lights in the classrooms and faculty offices is 
E lighting, classroom = (Power consumed per lamp) x (No. of lamps) = (200 x12 x110 W) = 264,000 = 264 kw 
E lighting, offices = (Power consumed per lamp) x (No. of lamps) = (400 x 6x110 W) = 264,000 = 264 kw 
E lighting, total = E lighting, classroom + E lighting, offices = 264 + 264 = 528 kW 

Noting that the campus is open 240 days a year, the total number of unoccupied work hours per year is 
Unoccupied hours = (4 hours/day)(240 days/year) = 960 h/yr 

Then the amount of electrical energy consumed per year during unoccupied work period and its cost are 
Energy savings = (Exighting, total (Unoccupied hours) = (528 kw)(960 h/yr) = 506,880 kWh 
Cost savings = (Energy savings)(Unit cost of energy) = (506,880 kwWh/yr)($0.082/kWh) = $41,564/yr 


Discussion Note that simple conservation measures can result in significant energy and cost savings. 
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2-50 A room contains a light bulb, a TV set, a refrigerator, and an iron. The rate of increase of the energy content of the 
room when all of these electric devices are on is to be determined. 


Assumptions 1 The room is well sealed, and heat loss from the room is negligible. 2 All the appliances are kept on. 


Analysis Taking the room as the system, the rate form of the energy balance can be written as 


Ein T E out = dE system /dt => dE room /dt = Ein 
— —__Y 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


since no energy is leaving the room in any form, and thus Eout =0. Also, 
Ein = Eights + Ery + E ctiy a Eiron 

=100 +110 + 200 +1000 W 

=1410 W 


Electricity 


Substituting, the rate of increase in the energy content of the room becomes 


dE vom / dt = E,, =1410 W 


room 


Discussion Note that some appliances such as refrigerators and irons operate intermittently, switching on and off as 
controlled by a thermostat. Therefore, the rate of energy transfer to the room, in general, will be less. 


2-51 A fan is to accelerate quiescent air to a specified velocity at a specified flow rate. The minimum power that must be 
supplied to the fan is to be determined. 


Assumptions The fan operates steadily. 
Properties The density of air is given to be p = 1.18 kg/m’. 


Analysis A fan transmits the mechanical energy of the shaft (shaft power) to mechanical energy of air (kinetic energy). For 
a control volume that encloses the fan, the energy balance can be written as 


i : #0 (steady) _ = op 
En T E out dE system / dt =0 =? Ein = E out 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies —. 
2 
a yV —r fan 
_ oy = out 

Wen, in = Mair ke out = Mair 2 Air —— 
— 
where -e 
—. 


Mair = PV = (1.18 kg/m? )(9 m*/s) = 10.62 kg/s 


Substituting, the minimum power input required is determined to be 


2 2. 
aeia ocak OE) AN 
2 2 2 


= = 340 J/s = 340 W 
sh, in air im e) 


Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher because of the losses associated with the conversion of mechanical shaft energy to kinetic energy of air. 
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2-52E A fan accelerates air to a specified velocity in a square duct. The minimum electric power that must be supplied to 
the fan motor is to be determined. 


Assumptions 1 The fan operates steadily. 2 There are no conversion losses. 
Properties The density of air is given to be p = 0.075 lbm/ft’. 


Analysis A fan motor converts electrical energy to mechanical shaft energy, and the fan transmits the mechanical energy of 
the shaft (shaft power) to mechanical energy of air (kinetic energy). For a control volume that encloses the fan-motor unit, 
the energy balance can be written as 


y : _ #0 (steady) _ > oo 
Ein E E out = dE system /dt =0 > En = E out 
Wi 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies —_ 
os 
2 Fg 
; V —— fan 
a _ out i 
Walect, in = Mair ke out = Mair 2 Air ——* 
——— 
where — 
— 


Thair = PVA = (0.075 lbm/ft?)(3 x 3 ft? )(22 ft/s) = 14.85 lbm/s 


Substituting, the minimum power input required is determined to be 


2 2 
Win = Moir Vout _ (14.85 igo _1Btu/lbm _| = 0.1435 Btu/s = 151 W 
2 2 25,037 ft/s? 


since 1 Btu = 1.055 kJ and 1 kJ/s = 1000 W. 


Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the power required will be 
considerably higher because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical 
shaft-to-kinetic energy of air. 
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2-53 D A gasoline pump raises the pressure to a specified value while consuming electric power at a specified rate. The 
maximum volume flow rate of gasoline is to be determined. 


Assumptions 1 The gasoline pump operates steadily. 2 The changes in kinetic and potential energies across the pump are 
negligible. 


Analysis For a control volume that encloses the pump-motor unit, the energy balance can be written as 


Én- È Sgr ald -0 > Én Ëu 


Rate of net energy transfer Rate of changein internal, kinetic, 
by heat, work, and mass potential, etc. energies 


in ~ “out system 


Wn +m(Pv), =1i(Pv), > Wi, = h(P, -Pv =V AP 


since rh = Vv and the changes in kinetic and potential energies of gasoline 
are negligible, Solving for volume flow rate and substituting, the maximum 
flow rate is determined to be 


” 3 
gy. -Wn _3.8kJ/s/ 1kPa-m" | _ 9 543 m?Is 


max AP 7kPa 1kJ 


Discussion The conservation of energy principle requires the energy to be conserved as it is converted from one form to 
another, and it does not allow any energy to be created or destroyed during a process. In reality, the volume flow rate will 
be less because of the losses associated with the conversion of electrical-to-mechanical shaft and mechanical shaft-to-flow 
energy. 
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2-54 An inclined escalator is to move a certain number of people upstairs at a constant velocity. The minimum power 
required to drive this escalator is to be determined. 


Assumptions 1 Air drag and friction are negligible. 2 The average mass of each person is 75 kg. 3 The escalator operates 
steadily, with no acceleration or breaking. 4 The mass of escalator itself is negligible. 


Analysis At design conditions, the total mass moved by the escalator at any given time is 
Mass = (30 persons)(75 kg/person) = 2250 kg 
The vertical component of escalator velocity is 


V, 


Vi 


ert = V sin 45° = (0.8 m/s)sin45° 


Under stated assumptions, the power supplied is used to increase the potential energy of people. Taking the people on 
elevator as the closed system, the energy balance in the rate form can be written as 


E,,-E = dE system / dt =0 By, = dEy,/dt = 
in ~ “out = system i > in 7 sys tS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
. APE — mgAz 
Win MGV vert 
At At 


That is, under stated assumptions, the power input to the escalator must be equal to the rate of increase of the potential 
energy of people. Substituting, the required power input becomes 


1 kJ/kg 


Win = MgV;en = (2250 kg)(9.81 m/s*)(0.8 m/s)sin45°] ——? — 
n = Mg9Vyerr = ( gX X( ) E ie 


l =12.5 kJ/s = 12.5 kW 


When the escalator velocity is doubled to V = 1.6 m/s, the power needed to drive the escalator becomes 


1 kJ/kg 


Win = MgV vert = (2250 kg)(9.81 m/s*)(1.6 m/s)sin45°] ——? — 
n = MgVverr = ( g)( X( ) E na 


l = 25.0 kJ/s = 25.0 kW 


Discussion Note that the power needed to drive an escalator is proportional to the escalator velocity. 
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2-55 An automobile moving at a given velocity is considered. The power required to move the car and the area of the 
effective flow channel behind the car are to be determined. 


Analysis The absolute pressure of the air is 


Flow 
channel 


01993179 | 93.31 kPa 
1mm Hg 


P=(700 mm Hel 


and the specific volume of the air is 


3 
pee (0.287 kPa -m°/kg - K)(293K) -0.9012 mĉ/kg 
P 93.31kPa 
The mass flow rate through the control volume is 
_ AY, á ; 
m _ AM, _ Gm )90/3.6 m/s) e322 kg/s 


v 0.9012 m?/kg 


The power requirement is 


W=m = (83.22 kg/s) 


M (90/3.6 m/s)? — (82 /3.6 m/s)? ( 1kJ/kg 
2 


2 1000 m?/s? 


) = 4.42 kW 


The outlet area is 


A j l ; : 
PSA a, — Y _ (83.22 kg/s)(0.9012 m°/kg) 


v nN (82/3.6) m/s 


= 3.29 m? 
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Energy Conversion Efficiencies 


2-56C Mechanical efficiency is defined as the ratio of the mechanical energy output to the mechanical energy input. A 
mechanical efficiency of 100% for a hydraulic turbine means that the entire mechanical energy of the fluid is converted to 
mechanical (shaft) work. 


2-57C The combined pump-motor efficiency of a pump/motor system is defined as the ratio of the increase in the 
mechanical energy of the fluid to the electrical power consumption of the motor, 


AE W 


~ E E mech,fluid _ pump 


a mech,out ~ 
1] pump-motor = 1? pump motor = : 


mech,in 


Walect,in Walect,in Walect,in 


The combined pump-motor efficiency cannot be greater than either of the pump or motor efficiency since both pump and 
motor efficiencies are less than 1, and the product of two numbers that are less than one is less than either of the numbers. 


2-58C The turbine efficiency, generator efficiency, and combined turbine-generator efficiency are defined as follows: 


Mechanical energy output Whaftout 
7tubine = : Sa REE 
"ome Mechanical energy extracted from the fluid | AE pech fluid 
Electrical power output Wetectout 
7] tor — A 5 er 
genes Mechanical power input  W-haftin 
Woelect,out = Welect,out 


7] turbine-gen = 1turbine?? generator = : = : 
E mech,in F E rech oút | AE nech, fluid 


2-59C No, the combined pump-motor efficiency cannot be greater that either of the pump efficiency of the motor 
efficiency. This is because 77 pump-motor ="7pump7motor > aNd both 77 jump aNd 7motor are less than one, and a number gets 


smaller when multiplied by a number smaller than one. 
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2-60 A hooded electric open burner and a gas burner are considered. The amount of the electrical energy used directly for 


cooking and the cost of energy per “utilized” kWh are to be determined. 


Analysis The efficiency of the electric heater is given to be 73 percent. Therefore, a burner that consumes 3-kW of 

electrical energy will supply 
Neas = 38% 

= 73% 


1 electric 


Qutilizea = (Energy input) x (Efficiency) = (2.4kW)(0.73)= 1.75 kW 


of useful energy. The unit cost of utilized energy is inversely proportional to the 
efficiency, and is determined from 
Cost of energy input _ $0.10/ kWh 


= $0.137/kWh 
Efficiency 0.73 


Cost of utilized energy = 


Noting that the efficiency of a gas burner is 38 percent, the energy input to a gas 
burner that supplies utilized energy at the same rate (1.75 kW) is 


Q. as Quitizea = 1.75 kW 
inpul 68S" Efficiency 0.38 


= 4.61kW (= 15,700 Btu/h) 


since 1 kW = 3412 Btu/h. Therefore, a gas burner should have a rating of at least 15,700 Btu/h to perform as well as the 
electric unit. Noting that 1 therm = 29.3 kWh, the unit cost of utilized energy in the case of gas burner is determined the 
same way to be 


Cost of energyinput _ $1.20/(29.3kWh) _ $0.108/kWh 


Cost of utilized energy = 
Efficiency 0.38 


2-61 A worn out standard motor is replaced by a high efficiency one. The reduction in the internal heat gain due to the 
higher efficiency under full load conditions is to be determined. 


Assumptions 1 The motor and the equipment driven by the motor are in the same room. 2 The motor operates at full load so 
that fload =1. 


Analysis The heat generated by a motor is due to its inefficiency, and the difference 
between the heat generated by two motors that deliver the same shaft power is simply the 
difference between the electric power drawn by the motors, 


Win, electric, standard = Wohatt / motor = (75 x 746 W)/0.91 = 61,484 W 


W, =Wenate / Motor = (75x746 W)/0.954 = 58,648 W 


in, electric, efficient 


Then the reduction in heat generation becomes 


Qheduction = Win, electric, standard -Win electric, efficient — 61,484 58,648 = 2836 W 
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2-62 An electric car is powered by an electric motor mounted in the engine compartment. The rate of heat supply by the 
motor to the engine compartment at full load conditions is to be determined. 


Assumptions The motor operates at full load so that the load factor is 1. 


Analysis The heat generated by a motor is due to its inefficiency, and is equal to the difference between the electrical 
energy it consumes and the shaft power it delivers, 


W. 


in, electric 


Q generation = W in, electric — W shaft out — 98.90 — 90 = 8.90 hp = 6.64 kW 


=W aft / motor = (90 hp)/0.91 = 98.90 hp 


since 1 hp = 0.746 kW. 


Discussion Note that the electrical energy not converted to mechanical power is 
converted to heat. 


2-63 A worn out standard motor is to be replaced by a high efficiency one. The amount of electrical energy and money 
savings as a result of installing the high efficiency motor instead of the standard one as well as the simple payback period 
are to be determined. 


Assumptions The load factor of the motor remains constant at 0.75. 


Analysis The electric power drawn by each motor and their difference can be expressed as 


W, W, haft /Mstandarg = (Power rating)(Load factor) / standard 


electric in, standard — 


Walectricin, efficient — W shaft / "efficient = (Power rating)(Load factor) / ] efficient 


Power savings = Wolectric in, standard — Watectric in, efficient 


= (Power rating)(Load factor)[1/ standard —1/ Mesticient | 


where standard is the efficiency of the standard motor, and Mefficient is the efficiency of the comparable high efficiency motor. 
Then the annual energy and cost savings associated with the installation of the high efficiency motor are determined to be 


Energy Savings = (Power savings)(Operating Hours) 
= (Power Rating)(Operating Hours)(Load Factor)(1/Mstandara~ 1/Netticient) Noa = 91.0% 
= (75 hp)(0.746 kW/hp)(4,368 hours/year)(0.75)(1/0.91 - 1/0.954) NMnew = 99.4% 
= 9,290 kWhl/year 
Cost Savings = (Energy savings)(Unit cost of energy) 
= (9,290 kWh/year)($0.08/kWh) 
= $743/year 


The implementation cost of this measure consists of the excess cost the high efficiency motor 
over the standard one. That is, 


Implementation Cost = Cost differential = $5,520 - $5,449 = $71 
This gives a simple payback period of 


Implementation cost —— $71 


Simple payback period = = 0.096 year (or 1.1 months) 


Annual cost savings $743/ year 


Therefore, the high-efficiency motor will pay for its cost differential in about one month. 
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2-64E The combustion efficiency of a furnace is raised from 0.7 to 0.8 by tuning it up. The annual energy and cost savings 


as a result of tuning up the boiler are to be determined. 
Assumptions The boiler operates at full load while operating. 
Analysis The heat output of boiler is related to the fuel energy input to the boiler by 


Boiler output = (Boiler input)(Combustion efficiency) 
or Qout = Qn 1 furnace 
The current rate of heat input to the boiler is given to be Qin current = 5-9 10° Btu/h . 
Then the rate of useful heat output of the boiler becomes 

Qout = (Qin furnace) current = (5-5 x 10° Btu/h)(0.7) = 3.85 x 10° Btu/h 


The boiler must supply useful heat at the same rate after the tune up. Therefore, the 
rate of heat input to the boiler after the tune up and the rate of energy savings become 


Qin, new = Qout /Mtumace new = (3-85 x 10° Btu/h)/0.8 = 4.81x 10° Btu/h 
Qin, saved — Qin, current — Qin, new = 9.9 X 10° — 4.81x10° = 0.69 x10° Btu/h 


Then the annual energy and cost savings associated with tuning up the boiler become 


Energy Savings = Qin, savea (Operation hours) 


= (0.69x10° Btu/h)(4200 h/year) = 2.89x10° Btulyr 
Cost Savings = (Energy Savings)(Unit cost of energy) 
= (2.89x10° Btu/yr)($4.35/10° Btu) = $12,600/year 


Discussion Notice that tuning up the boiler will save $12,600 a year, which is a significant amount. The implementation 
cost of this measure is negligible if the adjustment can be made by in-house personnel. Otherwise it is worthwhile to have 


an authorized representative of the boiler manufacturer to service the boiler twice a year. 
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EES 
2-65E Problem 2-64E is reconsidered. The effects of the unit cost of energy and combustion efficiency on the 
annual energy used and the cost savings as the efficiency varies from 0.7 to 0.9 and the unit cost varies from $4 to $6 per 
million Btu are the investigated. The annual energy saved and the cost savings are to be plotted against the efficiency for 
unit costs of $4, $5, and $6 per million Btu. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
Q_dot_in_current=5.5E6 [Btu/h] 
eta_furnace_current=0.7 
eta_furnace_new=0.8 
Hours=4200 [h/year] 
UnitCost=4.35E-6 [$/Btu] 


"Analysis" 
Q_dot_out=Q_dot_in_current*eta_furnace_current 
Q _dot_in_new=Q_dot_out/eta_furnace_new 
Q_dot_in_saved=Q_dot_in_current-Q_dot_in_new 
Energysavings=Q_dot_in_saved*Hours 
CostSavings=EnergySavings*UnitCost 


6x10? i ; i l , 

Nfurnacenew | EnergySaving | CostSaving 

s s T 5x10? 

[Btu/year] [$/year] q | 
0.7 0.00E+00 0 S aie 
0.72 6.42E+08 3208 o, 
0.74 1.25E+09 6243 7) 9 
0.76 1.82E+09 9118 eee 
0.78 2.37E+09 11846 > 3 ] 
0.8 2.89E+09 14437 Y 2x10 
0.82 3.38E+09 16902 > 
0.84 3.85E+09 19250 < 10° 
0.86 4.30E+09 21488 u 
0.88 4.73E+09 23625 oto , , , 
0.9 5.13E+09 25667 0.68 0.72 0.76 0.8 0.84 0.88 0.92 


Nfurnace,new 


25000 + 


6x10° $/Btu 
5x10° $/Btu 


4x10° $/Btu 


CostSavings [$/year] 
= 
o 
Q 
= 
oO 


L L i 1 1 
0.68 0.72 0.76 0.8 0.84 0.88 0.92 
Nfurnace,new 


Table values are for UnitCost = 5E-5 [$/Btu] 
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2-66 Several people are working out in an exercise room. The rate of heat gain from people and the equipment is to be 
determined. 


Assumptions The average rate of heat dissipated by people in an exercise room is 525 W. 


Analysis The 8 weight lifting machines do not have any motors, and thus they do not contribute to the internal heat gain 
directly. The usage factors of the motors of the treadmills are taken to be unity since they are used constantly during peak 
periods. Noting that 1 hp = 746 W, the total heat generated by the motors is 


Qnotors = (No. of motors) x W motor x foad x T isage ! Motor 
= 4x (2.5x 746 W) x 0.70 x1.0/0.77 = 6782 W 


The heat gain from 14 people is 
Qpeople = (No. of people) x Qperson = 14 x (525 W) = 7350 W 


Then the total rate of heat gain of the exercise room during peak period becomes 


Quota = Qmotors + Qpeopie = 6782 + 7350 = 14,132 W 


2-67 A room is cooled by circulating chilled water through a heat exchanger, and the air is circulated through the heat 
exchanger by a fan. The contribution of the fan-motor assembly to the cooling load of the room is to be determined. 


Assumptions The fan motor operates at full load so that fioaa = 1. 


Analysis The entire electrical energy consumed by the motor, including the shaft 
power delivered to the fan, is eventually dissipated as heat. Therefore, the 
contribution of the fan-motor assembly to the cooling load of the room is equal 
to the electrical energy it consumes, 


in, electric — W shaft / 1 motor 


= (0.25 hp)/0.54 = 0.463 hp = 345 W 


Qinternal generation 


since 1 hp = 746 W. 
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2-68 A hydraulic turbine-generator is to generate electricity from the water of a lake. The overall efficiency, the turbine 


efficiency, and the shaft power are to be determined. 


Assumptions 1 The elevation of the lake and that of the discharge © 
site remains constant. 2 Irreversible losses in the pipes are + 
negligible. 


Properties The density of water can be taken to be p = 1000 


kg/m’. The gravitational acceleration is g = 9.81 m/s’. h=50 m 


Analysis (a) We take the bottom of the lake as the reference level 
for convenience. Then kinetic and potential energies of water are 
zero, and the mechanical energy of water consists of pressure 
energy only which is 


P 


mech,in ~ ©mech,out = p = gh 


Generator 
Neenerator z 


£ 95% 


= (9.81 m/s? )(50 me) 
1000 m*/s 


= 0.491 kJ/kg 
Then the rate at which mechanical energy of fluid supplied to the turbine and the overall efficiency become 


| AE mech fluid |= (CE mech in ~ Emecnin ) = (5000 kg/s)(0.491 kJ/kg) = 2455 kw 


Walect,out = 1862 kW 2 


7 0.760 
| AE mech,fluid | 2455 kW 


overall = 7] turbine-gen = 


(b) Knowing the overall and generator efficiencies, the mechanical efficiency of the turbine is determined from 


_ 77 turbine-gen = 0.76 2 
0.95 


7] turbine-gen = 7] turbine”? generator > Mrurbine 
7] generator 


(c) The shaft power output is determined from the definition of mechanical efficiency, 


W, 


shaft,out 


= Murbine | AE mech,ftuia |= (0-800)(2455 kW) =1964 kW ~ 1960 kW 


Therefore, the lake supplies 2455 kW of mechanical energy to the turbine, which converts 1964 kW of it to shaft work that 
drives the generator, which generates 1862 kW of electric power. 
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2-69 Wind is blowing steadily at a certain velocity. The mechanical energy of air per unit mass, the power generation 
potential, and the actual electric power generation are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is 


independent of the wind speed. j Wind 
; Wind turbine 
Properties The density of air is given to be p= 1.25 kg/m”. —_—> 
Analysis Kinetic energy is the only form of mechanical energy 7 m/s 80 m 
the wind possesses, and it can be converted to work entirely. 
Therefore, the power potential of the wind is its kinetic energy, 
which is V’/2 per unit mass, and mV“ /2 fora given mass 
flow rate: ` 
5 BP Milla 
7 m/ 1kJ/k 
EE E CE | 8 J- 0.0245 kJ/kg 
2 2 (1000 m?/s? 
mb? 80 m)? 
r= pVA= pV E (1.25 kg/m? )(7 m/s) =e = 43,982 kg/s 


Wax =E 


max mech 


rhe (43,982 kg/s)(0.0245 kJ/kg) = 1078 kW 


mech 


The actual electric power generation is determined by multiplying the power generation potential by the efficiency, 


Wetect = wind turbine ax = (0.30)(1078 kw) = 323 kw 


Therefore, 323 kW of actual power can be generated by this wind turbine at the stated conditions. 


Discussion The power generation of a wind turbine is proportional to the cube of the wind velocity, and thus the power 
generation will change strongly with the wind conditions. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


2-31 


2-32 


EES 
2-70 Problem 2-69 is reconsidered. The effect of wind velocity and the blade span diameter on wind power 
generation as the velocity varies from 5 m/s to 20 m/s in increments of 5 m/s, and the diameter varies from 20 m to 120 m 
in increments of 20 m is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


Fes Parametric Table 


"Given" =r 
V=7 [m/s] ac 
D=80 [m] K 
eta_overall=0.30 TES 
rho=1.25 [kg/m^3] 3927 
5890 
"Analysis" 7354 
g=9.81 [m/s^2] ih 
A=pi*D^2/4 ma 
23562 
m_dot=rho*A*V 31416 
W_dot_max=m_dot*V‘%2/2*Convert(m*2/s*2, kJ/kg) 17671 
W_dot_elect=eta_overall*W_dot_max 36343 
53014 
70686 
31416 
62832 
94248 
125664 
49087 
98175 
147262 
196350 
70686 
141372 
212058 
282743 
16000 ; 1 1 1 
14000 
12000 a 
S 10000 
= D=120 ] 
=a = m = 
= 8000 D=109 
2 X 4 
o = 
‘= 6000 pede a 
4000 D=60m 
2000 Y a D=40m 
o- m s : 2 20m : 
4 6 8 10 12 14 16 18 20 
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2-71 Water is pumped from a lake to a storage tank at a specified rate. The overall efficiency of the pump-motor unit and 
the pressure difference between the inlet and the exit of the pump are to be determined. 


Assumptions 1 The elevations of the tank and the lake remain constant. 2 Frictional losses in the pipes are negligible. 3 The 
changes in kinetic energy are negligible. 4 The elevation difference across the pump is negligible. 


Properties We take the density of water to be p = 1000 kg/m’. 


Analysis (a) We take the free surface of the lake to be point 1 and the © 
free surfaces of the storage tank to be point 2. We also take the lake ED Sioa 
surface as the reference level (z = 0), and thus the potential energy at a 


points 1 and 2 are pe; = 0 and pez = gzz. The flow energy at both points 
is zero since both 1 and 2 are open to the atmosphere (P4 = P2 = Pam). 
Further, the kinetic energy at both points is zero (ke, = ke, = 0) since the 
water at both locations is essentially stationary. The mass flow rate of 
water and its potential energy at point 2 are 


m= pV = (1000 kg/m*)(0.070 m/s) = 70 kg/s 


1kJ/kg 


e» = gz, = (9.81m/s° com e 
a: 20m) 000m? ss? 


= 0.196 kJ/kg 


Then the rate of increase of the mechanical energy of water becomes 


AE mech, fluid T mM(e mech,out = € mech,in ) T m( pe, 0) va mpe, = (70 kg/s)(0.196 kJ/kg) =13.7kW 


The overall efficiency of the combined pump-motor unit is determined from its definition, 


AE nech, fluid E 13.7 kW 
Wetect.in 20.4 kW 


=0.672 or 67.2% 


7] pump-motor 


(b) Now we consider the pump. The change in the mechanical energy of water as it flows through the pump consists of the 
change in the flow energy only since the elevation difference across the pump and the change in the kinetic energy are 
negligible. Also, this change must be equal to the useful mechanical energy supplied by the pump, which is 13.7 kW: 


- P,—P, 


AE mech, fluid = TG mech,out g e mech,in ) =m = VAP 
Solving for AP and substituting, 
AE Sn? 
AP = mech fluid _ 13.7 = 1kPa-m -196 kPa 
V 0.070 m*/s 1kJ 


Therefore, the pump must boost the pressure of water by 196 kPa in order to raise its elevation by 20 m. 


Discussion Note that only two-thirds of the electric energy consumed by the pump-motor is converted to the mechanical 
energy of water; the remaining one-third is wasted because of the inefficiencies of the pump and the motor. 
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2-72 A large wind turbine is installed at a location where the wind is blowing steadily at a certain velocity. The electric 
power generation, the daily electricity production, and the monetary value of this electricity are to be determined. 


Assumptions 1 The wind is blowing steadily at a constant 
uniform velocity. 2 The efficiency of the wind turbine is (0 uiine 


independent of the wind speed. —> Wind 
Properties The density of air is given to be p = 1.25 kg/m’. Wind turbine 
Analysis Kinetic energy is the only form of mechanical 8 m/s 
energy the wind possesses, and it can be converted to work —> 100 m 
entirely. Therefore, the power potential of the wind is its 
kinetic energy, which is V’/2 per unit mass, and mV* /2 for —> 
a given mass flow rate: 
V? (8m5)? ( 1kJ/kg a A E a 
e mech = ke = — = eL aii = 0.032 kJ/kg 
2 2 1000 m ^/s 
aD” 100m)? 
rn= pVA= pV ——= (1.25 Kee mi a 70's40 kas 


Wimax = E 


max mech 


me 


(78,540 kg/s)(0.032 kJ/kg) = 2513 kW 


mech 


The actual electric power generation is determined from 


Wetect = 7 wind turbine Wmax F (0.32)(2513kW) = 804.2 kW 


Then the amount of electricity generated per day and its monetary value become 
Amount of electricity = (Wind power)(Operating hours)=(804.2 kW)(24 h) =19,300 kWh 
Revenues = (Amount of electricity)(Unit price) = (19,300 kWh)($0.06/kWh) = $1158 (per day) 


Discussion Note that a single wind turbine can generate several thousand dollars worth of electricity every day at a 
reasonable cost, which explains the overwhelming popularity of wind turbines in recent years. 


2-73E A water pump raises the pressure of water by a specified amount at a specified flow rate while consuming a known 
amount of electric power. The mechanical efficiency of the pump is to be determined. 


Assumptions 1 The pump operates steadily. 2 The changes in velocity and elevation AP = 1.2 psi 


across the pump are negligible. 3 Water is incompressible. 


Analysis To determine the mechanical efficiency of the pump, we need to know the 
increase in the mechanical energy of the fluid as it flows through the pump, which is 


AE mech,fluid = M(€mech,out = emech.in ) = m[(Pv)> = (Pv),] = m(P, a Pv 


= V(P, —P,)=(15 ft?/s)(1.2 mil Meti re = 3.33 Btu/s =4.71hp 
t 


5.404 psi - 


since 1 hp = 0.7068 Btu/s, m = pV =V/v, and there is no change in kinetic and potential energies of the fluid. Then the 
mechanical efficiency of the pump becomes 


AE mechfluid _ 4.71 hp 
Toume = “= = 0.786 or 78.6% 
pump, shaft p 


Discussion The overall efficiency of this pump will be lower than 83.8% because of the inefficiency of the electric motor 
that drives the pump. 
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2-74 Water is pumped from a lower reservoir to a higher reservoir at a specified rate. For a specified shaft power input, the 
power that is converted to thermal energy is to be determined. 


Assumptions 1 The pump operates steadily. 2 The elevations of the 
reservoirs remain constant. 3 The changes in kinetic energy are 
negligible. 


Properties We take the density of water to be p = 1000 kg/m’. 


Analysis The elevation of water and thus its potential energy changes 
during pumping, but it experiences no changes in its velocity and 
pressure. Therefore, the change in the total mechanical energy of 
water is equal to the change in its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. That is, Reservoir 


AE mech = MAC mech = mApe = mgAz = pVgaz 


= (1000 kg/m ?)(0.03m°/s)(9.81 m/s” )(45 m) 1N í LKW )J=13.2kW 
1kg-m/s* J\1000 N- m/s 


Then the mechanical power lost because of frictional effects becomes 


Wrrict = Wpump, in ~ AE mech = 20 -13.2 kW = 6.8 kW 


Discussion The 6.8 kW of power is used to overcome the friction in the piping system. The effect of frictional losses in a 
pump is always to convert mechanical energy to an equivalent amount of thermal energy, which results in a slight rise in 
fluid temperature. Note that this pumping process could be accomplished by a 13.2 kW pump (rather than 20 kW) if there 
were no frictional losses in the system. In this ideal case, the pump would function as a turbine when the water is allowed to 
flow from the upper reservoir to the lower reservoir and extract 13.2 kW of power from the water. 


2-75 The mass flow rate of water through the hydraulic turbines of a dam is to be determined. 
Analysis The mass flow rate is determined from 


Ww 100,000 kJ/s 
g (Z2 -Z, ) 


W =mg(z -z,) —>m= = 49,500 kg/s 


(9.8 m/s? )(206 On| LEE ) 


1000 m°/s? 
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2-76 A pump is pumping oil at a specified rate. The pressure rise of oil in the pump is measured, and the motor efficiency is 
specified. The mechanical efficiency of the pump is to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The elevation difference across the pump is negligible. 
Properties The density of oil is given to be p = 860 kg/m’. 


Analysis Then the total mechanical energy of a fluid is the sum of the potential, flow, and kinetic energies, and is expressed 
per unit mass as eech = gh+ Pv+V~*/2. To determine the mechanical efficiency of the pump, we need to know the 
increase in the mechanical energy of the fluid as it flows through the pump, which is 


. ; y? V2 . v2 -V2 
AE mech, fluid = M(Cmech,out —€mech,in ) = ao, + ; (Pv), ; = He P,) +p Z 2 1 


since m= pV =V/v, and there is no change in the potential 
energy of the fluid. Also, 
f l 5 
nae 4 PEE £ =19.9 m/s 
A, zDÝ/4 = 7(0.08m)*/4 


0 O —— Olmřs 
A, aDŻ/4 = 2(0.12m)?/4 


V, = = 8.84 m/s 


Substituting, the useful pumping power is determined to be 


Wpump,u = AE mnech,fluid 


= (0.1m?/s)| 400 kN/m? + (860 kg/m?) £284 m/s)? = — 9 m/s)? 1kw ) 
1000 -m/s2 | K1KN-m/s 


= 26.3kW 


Then the shaft power and the mechanical efficiency of the pump become 


Wampaa = 1 motor Welectric = (0.90)(35 kW) = 31.5 kw 


Wpump,u _ 26.3 kW 


i = 0.836 = 83.6% 
W 31.5 kW 


pump = 
pump, shaft 


Discussion The overall efficiency of this pump/motor unit is the product of the mechanical and motor efficiencies, which is 
0.9x0.836 = 0.75. 
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2-77E Water is pumped from a lake to a nearby pool by a pump with specified power and efficiency. The mechanical 
power used to overcome frictional effects is to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The elevation difference between the lake and the free surface of 
the pool is constant. 3 The average flow velocity is constant since pipe diameter is constant. 


Properties We take the density of water to be p = 62.4 Ibm/ft’. 


Analysis The useful mechanical pumping power delivered to water is 


Wpump,u = 1 pump W, 


bump = (0-80)(20 hp) = 16 hp 


The elevation of water and thus its potential energy changes during 
pumping, but it experiences no changes in its velocity and 
pressure. Therefore, the change in the total mechanical energy of 
water is equal to the change in its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. That is, 


AÈ mech z MAE mech T mApe z mgAz = pVgdz 


Substituting, the rate of change of mechanical energy of water becomes 


; 1lbf 1hp 
AE... = (62.4 Ibm/ft?)(1.5 ft?/s)(32.2 ft/s? )(80 ft =13.63h 
ia ARAI a r correc i 


Then the mechanical power lost in piping because of frictional effects becomes 


Weict =Wpump,u — AEmecn =16 — 13.63 hp = 2.37 hp 


Discussion Note that the pump must supply to the water an additional useful mechanical power of 2.37 hp to overcome the 
frictional losses in pipes. 
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2-78 A wind turbine produces 180 kW of power. The average velocity of the air and the conversion efficiency of the 
turbine are to be determined. 


Assumptions The wind turbine operates steadily. 
Properties The density of air is given to be 1.31 kg/m’. 


Analysis (a) The blade diameter and the blade span area are 


(250 kin ame] 
D = 7 —+ = 88.42m 
(15 L/min) 
60s 
2 2 
a- _ 2(88.42 m) Lee. 
4 4 
Then the average velocity of air through the wind turbine becomes 
m 42,000 kg/s 


V =—=—__—_*"__=5.23 mis 
pA (1.31 kg/m*)(6140 m2) 


(b) The kinetic energy of the air flowing through the turbine is 
KE = 5 mv? = 5 (42,000 kg/s)(5.23m/s)* =574.3kW 


Then the conversion efficiency of the turbine becomes 
_W _ 180kW 
KÈ 574.3kW 


Discussion Note that about one-third of the kinetic energy of the wind is converted to power by the wind turbine, which is 
typical of actual turbines. 


= 0.313 = 31.3% 
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Energy and Environment 


2-79C Energy conversion pollutes the soil, the water, and the air, and the environmental pollution is a serious threat to 
vegetation, wild life, and human health. The emissions emitted during the combustion of fossil fuels are responsible for 
smog, acid rain, and global warming and climate change. The primary chemicals that pollute the air are hydrocarbons (HC, 
also referred to as volatile organic compounds, VOC), nitrogen oxides (NOx), and carbon monoxide (CO). The primary 
source of these pollutants is the motor vehicles. 


2-80C Smog is the brown haze that builds up in a large stagnant air mass, and hangs over populated areas on calm hot 
summer days. Smog is made up mostly of ground-level ozone (O3), but it also contains numerous other chemicals, 
including carbon monoxide (CO), particulate matter such as soot and dust, volatile organic compounds (VOC) such as 
benzene, butane, and other hydrocarbons. Ground-level ozone is formed when hydrocarbons and nitrogen oxides react in 
the presence of sunlight in hot calm days. Ozone irritates eyes and damage the air sacs in the lungs where oxygen and 
carbon dioxide are exchanged, causing eventual hardening of this soft and spongy tissue. It also causes shortness of breath, 
wheezing, fatigue, headaches, nausea, and aggravate respiratory problems such as asthma. 


2-81C Fossil fuels include small amounts of sulfur. The sulfur in the fuel reacts with oxygen to form sulfur dioxide (SO,), 
which is an air pollutant. The sulfur oxides and nitric oxides react with water vapor and other chemicals high in the 
atmosphere in the presence of sunlight to form sulfuric and nitric acids. The acids formed usually dissolve in the suspended 
water droplets in clouds or fog. These acid-laden droplets are washed from the air on to the soil by rain or snow. This is 
known as acid rain. It is called “rain” since it comes down with rain droplets. 


As a result of acid rain, many lakes and rivers in industrial areas have become too acidic for fish to grow. Forests in 
those areas also experience a slow death due to absorbing the acids through their leaves, needles, and roots. Even marble 
structures deteriorate due to acid rain. 


2-82C Carbon monoxide, which is a colorless, odorless, poisonous gas that deprives the body's organs from getting enough 
oxygen by binding with the red blood cells that would otherwise carry oxygen. At low levels, carbon monoxide decreases 
the amount of oxygen supplied to the brain and other organs and muscles, slows body reactions and reflexes, and impairs 
judgment. It poses a serious threat to people with heart disease because of the fragile condition of the circulatory system 
and to fetuses because of the oxygen needs of the developing brain. At high levels, it can be fatal, as evidenced by 
numerous deaths caused by cars that are warmed up in closed garages or by exhaust gases leaking into the cars. 


2-83C Carbon dioxide (CO2), water vapor, and trace amounts of some other gases such as methane and nitrogen oxides act 
like a blanket and keep the earth warm at night by blocking the heat radiated from the earth. This is known as the 
greenhouse effect. The greenhouse effect makes life on earth possible by keeping the earth warm. But excessive amounts of 
these gases disturb the delicate balance by trapping too much energy, which causes the average temperature of the earth to 
rise and the climate at some localities to change. These undesirable consequences of the greenhouse effect are referred to as 
global warming or global climate change. The greenhouse effect can be reduced by reducing the net production of CO, by 
consuming less energy (for example, by buying energy efficient cars and appliances) and planting trees. 
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2-84E A person trades in his Ford Taurus for a Ford Explorer. The extra amount of CO, emitted by the Explorer within 5 
years is to be determined. 


Assumptions The Explorer is assumed to use 940 gallons of gasoline a year compared to 715 gallons for Taurus. 
Analysis The extra amount of gasoline the Explorer will use within 5 years is 
Extra Gasoline = (Extra per year)(No. of years) 
= (940 — 715 gal/yr)(5 yr) 
= 1125 gal 
Extra CO, produced = (Extra gallons of gasoline used)(CO, emission per gallon) 

= (1125 gal)(19.7 lbm/gal) 
= 22,163 Ibm CO- 


Discussion Note that the car we choose to drive has a significant effect on the amount of greenhouse gases produced. 


2-85 A power plant that burns natural gas produces 0.59 kg of carbon dioxide (CO2) per kWh. The amount of CO» 
production that is due to the refrigerators in a city is to be determined. 


Assumptions The city uses electricity produced by a natural gas power plant. 
Properties 0.59 kg of CO, is produced per kWh of electricity generated (given). 


Analysis Noting that there are 300,000 households in the city and each household consumes 700 kWh of electricity for 
refrigeration, the total amount of CO, produced is 


Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh) 
= (300,000 household)(700 kWh/year household)(0.59 kg/kWh) 
=1.23x10° CO, kg/year 
= 123,000 CO, ton/year 


Therefore, the refrigerators in this city are responsible for the production of 123,000 tons of CO). 


2-86 A power plant that burns coal, produces 1.1 kg of carbon dioxide (CO2) per kWh. The amount of CO, production that 
is due to the refrigerators in a city is to be determined. 


Assumptions The city uses electricity produced by a coal power plant. 
Properties 1.1 kg of CO, is produced per kWh of electricity generated (given). 


Analysis Noting that there are 300,000 households in the city and each 
household consumes 700 kWh of electricity for refrigeration, the total amount 
of CO, produced is 


Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh) 
= (300,000 household)(700 kWh/household)(1.1 kg/kWh) 


=2.31x10°® CO, kg/year 
= 231,000 CO, tonlyear 


Therefore, the refrigerators in this city are responsible for the production of 231,000 tons of CO». 
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2-87E A household uses fuel oil for heating, and electricity for other energy needs. Now the household reduces its energy 
use by 20%. The reduction in the CO, production this household is responsible for is to be determined. 

Properties The amount of CO, produced is 1.54 lbm per kWh and 26.4 Ibm per gallon of fuel oil (given). 


Analysis Noting that this household consumes 11,000 kWh of electricity and 1500 gallons of fuel oil per year, the amount 
of CO, production this household is responsible for is 
Amount of CO, produced = (Amount of electricity consumed)(Amount of CO, per kWh) 
+ (Amount of fuel oil consumed)(Amount of CO, per gallon) 
= (11,000 kWh/yr)(1.54 Ibm/kWh) + (1500 gal/yr)(26.4 Ibm/gal) 
= 56,540 CO, lbm/year 
Then reducing the electricity and fuel oil usage by 15% will reduce the annual amount 
of CO, production by this household by 
Reduction in CO, produced = (0.15)(Current amount of CO, production) 
= (0.15)(56,540 CO, kg/year) 
= 8481 CO, lbm/year 


Therefore, any measure that saves energy also reduces the amount of pollution emitted to the environment. 


2-88 A household has 2 cars, a natural gas furnace for heating, and uses electricity for other energy needs. The annual 
amount of NO, emission to the atmosphere this household is responsible for is to be determined. 


Properties The amount of NO, produced is 7.1 g per kWh, 4.3 g 


i 11 kg NO 
per therm of natural gas, and 11 kg per car (given). ver out 
Analysis Noting that this household has 2 cars, consumes 1200 
therms of natural gas, and 9,000 kWh of electricity per year, the 
amount of NO, production this household is responsible for is 


Amount of NO, produced = (No. of cars)(Amount of NO, produced per car) 
+ (Amount of electricity consumed)(Amount of NO, per kWh) 
+ (Amount of gas consumed)(Amount of NO, per gallon) 
= (2 cars)(11kg/car) + (9000 kWh/yr)(0.0071kg/kWh) 
+ (1200 therms/yr)(0.0043 kg/therm) 
= 91.06 NO, kg/year 


Discussion Any measure that saves energy will also reduce the amount of pollution emitted to the atmosphere. 
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Special Topic: Mechanisms of Heat Transfer 


2-89C The three mechanisms of heat transfer are conduction, convection, and radiation. 


2-90C Diamond has a higher thermal conductivity than silver, and thus diamond is a better conductor of heat. 


2-91C No. It is purely by radiation. 


2-92C In forced convection, the fluid is forced to move by external means such as a fan, pump, or the wind. The fluid 


motion in natural convection is due to buoyancy effects only. 


2-93C A blackbody is an idealized body that emits the maximum amount of radiation at a given temperature, and that 
absorbs all the radiation incident on it. Real bodies emit and absorb less radiation than a blackbody at the same 


temperature. 


2-94C Emissivity is the ratio of the radiation emitted by a surface to the radiation emitted by a blackbody at the same 
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temperature. Absorptivity is the fraction of radiation incident on a surface that is absorbed by the surface. The Kirchhoff's 


law of radiation states that the emissivity and the absorptivity of a surface are equal at the same temperature and 


wavelength. 


2-95 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of heat transfer through 


the wall is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the wall remain constant at the specified values. 2 Thermal 
properties of the wall are constant. 


Properties The thermal conductivity of the wall is given tobe k= 0.69 
W/m-°C. 
Analysis Under steady conditions, the rate of heat transfer through the wall is 


(20—5)°C 


Qeond = ma = (0.69 W/m -°C)(5x6 m°) =1035 W 


= Vy) 
<=30cm> 
20°C MM °C 
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2-96 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat 
transferred through the glass in 5h is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 2 Thermal properties of the glass are constant. 


Properties The thermal conductivity of the glass is given to be k = 0.78 W/m-°C. Glass 


Analysis Under steady conditions, the rate of heat transfer through the glass by 
conduction is 


. AT 2, (15-6)°C 
= kA— = (0.78 W/m - °C)(2 x 2 m“)——__~— =5616 W 
Qcona L ( X ) 0.005 m 
i 15°C E 6°C 
Then the amount of heat transferred over a period of 10 h becomes 
Q = QconaAt = (5.616 kJ/s)(10 x 3600s) = 202,200 kJ 0.5 cm 


If the thickness of the glass is doubled to 1 cm, then the amount of heat transferred 
will go down by half to 101,100 kJ. 
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EES 


2-97 Reconsider Prob. 2-96. Using EES (or other) software, investigate the effect of glass thickness on heat loss for 
the specified glass surface temperatures. Let the glass thickness vary from 0.2 cm to 2 cm. Plot the heat loss versus the glass 
thickness, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


FUNCTION klookup(material$) 

If material$='Glass' then klookup:=0.78 

If material$='Brick' then klookup:=0.72 

If material$='Fiber Glass' then klookup:=0.043 
If material$='Air' then klookup:=0.026 

If material$="'Wood(oak)' then klookup:=0.17 


END 


L=2 [m] 

W=2 [m] 

material$='Glass' 

T_in=15 [C] 

T_out=6 [C] 

k=0.78 [W/m-C] 

t=10 [hr] 

thickness=0.5 [cm] 

A=L*W 
Q_dot_loss=A*k*(T_in-T_out)/(thickness*convert(cm,m)) 
Q_loss_total=Q_dot_loss*t*convert(hr,s)*convert(J,kJ) 


Thicknes | Qioss,total 600000 — r r r r r r , : 
s [cm] [kJ s 
0.2 505440 500000 } 
0.4 252720 À 
0.6 168480 = 
= 400000 
0.8 126360 *, 
1 101088 = F 
1.2 84240 300000 
1.4 72206 r Oy 
1.6 63180 B sae igs 
1.8 56160 © | ° 
2 50544 ‘anes ae 
e. 
tice, ee ee 
0 1 L 1 1 1 1 fi n fi 


02 04 06 08 1 12 14 16 18 2 
thickness [cm] 
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2-98 Heat is transferred steadily to boiling water in the pan through its bottom. The inner surface temperature of the 
bottom of the pan is given. The temperature of the outer surface is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 2 Thermal properties of the aluminum pan are constant. 


Properties The thermal conductivity of the aluminum is given to be k = 237 W/m-°C. 
Analysis The heat transfer surface area is 
A= zr? = 7(0.1 m}? = 0.0314 m? 


Under steady conditions, the rate of heat transfer through the bottom of the pan 
by conduction is 


Q= pane =kA h-hh 
L L 
Substituting, 
500 W = (237 W / m° C)(0.0314 m ee 
0.004 m 
which gives 
Tə = 105.3°C 


2-99 The inner and outer glasses of a double pane window with a 1-cm air space are at specified temperatures. The rate of 
heat transfer through the window is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures 
of the glass remain constant at the specified values. 2 Heat transfer through the 

window is one-dimensional. 3 Thermal properties of the air are constant. 4 The E Air 
air trapped between the two glasses is still, and thus heat transfer is by 18°C 
conduction only. Ò 


— 6°C 


Properties The thermal conductivity of air at room temperature is k = 0.026 
W/m.°C (Table 2-3). 


Analysis Under steady conditions, the rate of heat transfer through the window o Tem ` 


by conduction is 


(18-6)°C 
0.01m 


Qeond = ka = (0.026 W/m? C)(2x 2 m?) =125 W =0.125 kW 
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2-100 Two surfaces of a flat plate are maintained at specified temperatures, and the rate of heat transfer through the plate is 
measured. The thermal conductivity of the plate material is to be determined. 


Assumptions 1 Steady operating conditions exist since the surface 
temperatures of the plate remain constant at the specified values. 2 Heat Plate 
transfer through the plate is one-dimensional. 3 Thermal properties of 2cm 
the plate are constant. ; z 
Analysis The thermal conductivity is determined directly from the 100°C 0°C 
steady one-dimensional heat conduction relation to be \ 
6=nabr® 500 W/m? 
L 


- 2 
p- QUAL _ G00 Wim?)(0.02m) _ 0.1 wimoc 
Lot (100 -0)°C 


2-101 A person is standing in a room at a specified temperature. The rate of heat 


4 
transfer between a person and the surrounding air by convection is to be 
determined. ; ea 
Q 

Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation is 
not considered. 3 The environment is at a uniform temperature. T. =34°C 
Analysis The heat transfer surface area of the person is 

A = aDL = (0.3 m)(1.70 m) = 1.60 m? 
Under steady conditions, the rate of heat transfer by convection is 

Qoomny = hAAT = (15 W/m? -°C)(1.60 m?)(34— 20)°C = 336 W ] A 


2-102 A spherical ball whose surface is maintained at a temperature of 110°C is suspended in the middle of a room at 20°C. 
The total rate of heat transfer from the ball is to be determined. 


Assumptions 1 Steady operating conditions exist since the ball surface and 
the surrounding air and surfaces remain at constant temperatures. 2 The 
thermal properties of the ball and the convection heat transfer coefficient are 
constant and uniform. 


Properties The emissivity of the ball surface is given to be e = 0.8. 
Analysis The heat transfer surface area is 


A = aD? = z (0.09 m}? = 0.02545 m? 


Under steady conditions, the rates of convection and radiation heat transfer are 

Qoony = RAAT = (15 W/m? -° C)(0.02545 m*)(110 — 20)° C = 34.35 W 

Qag = EA(TŹ — TŻ) = 0.8(0.02545 m*)(5.67 x 10 ® W/m? - K*)[(383 K)* — (293 K)*] =16.33 W 
Therefore, 


Qrotat = Qconv + Qrad = 34.35+16.33=50.7 W 
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EES 
2-103 Reconsider Prob. 2-102. Using EES (or other) software, investigate the effect of the convection heat transfer 
coefficient and surface emissivity on the heat transfer rate from the ball. Let the heat transfer coefficient vary from 5 
W/m’.°C to 30 W/m’.°C. Plot the rate of heat transfer against the convection heat transfer coefficient for the surface 
emissivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

D=0.09 [m] 
T_s=ConvertTemp(C,K,110) 
T_f=ConvertTemp(C,K,20) 
h=15 [W/m’2-C] 
epsilon=0.8 


"Properties" 
sigma=5.67E-8 [W/m^2-K^4] 


"Analysis" 

A=pi*D^2 

Q_dot_conv=h*A*(T_s-T_f) 
Q_dot_rad=epsilon*sigma*A*(T_s*4-T_f*4) 
Q dot_total=Q_dot_conv+Q_dot_rad 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


h Qtotal 90 pp a rr 
[W/m?-C] | [W] 
5 27.8 80 
7.5 33.53 
10 39.25 3 
12.5 44.98 _ 
15 50.7 z, :=1 
17.5 56.43 = 60 L 
20 62.16 2 X05 
22.5 67.88 © 50 
25 73.61 e=0.1 
27.5 79.33 as 
30 85.06 
30 ay oo ee rr o 
10 15 20 25 
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2-104 Hot air is blown over a flat surface at a specified temperature. The rate of heat transfer from the air to the plate is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer by radiation —> 80°C 
is not considered. 3 The convection heat transfer coefficient is constant and = Ni 
uniform over the surface. = 

—> 

—> 


Analysis Under steady conditions, the rate of heat transfer by convection is 


30°C 


Qeonv = hAAT 
= (55 W/m? -°C)(2x 4 m*)(80 — 30)°C 
= 22,000 W = 22 kw 


2-105 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The temperature of the base of the 
iron is to be determined in steady operation. 


Assumptions 1 Steady operating conditions exist. 2 The thermal Iron 

properties of the iron base and the convection heat transfer coefficient 1000 W 

are constant and uniform. 3 The temperature of the surrounding m Air 
surfaces is the same as the temperature of the surrounding air. =Z 20°C 
Properties The emissivity of the base surface is given tobe e= 0.6. —> 


Analysis At steady conditions, the 1000 W of energy supplied to the iron 
will be dissipated to the surroundings by convection and radiation heat 
transfer. Therefore, 


Ouse = ae + Qad =1000 W 


where 
Qeony = hAAT = (35 W/m? -K)(0.02 m° X(T, — 293 K) = 0.7(T, — 293 K) W 
and 
Qad = €0A(T;* — T4 ) = 0.6(0.02 m?)(5.67 x10 ° W/m? -K*)[TS — (293 K)*] 
= 0.06804 x 10 [TŐ — (293 K)f] W 
Substituting, 


1000 W = 0.7(T, — 293 K) + 0.06804x10 [TÉ — (293 K)*] 
Solving by trial and error gives 
T, = 947 K = 674°C 


Discussion We note that the iron will dissipate all the energy it receives by convection and radiation when its surface 
temperature reaches 947 K. 
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2-106 The backside of the thin metal plate is insulated and the front side is exposed to solar radiation. The surface 
temperature of the plate is to be determined when it stabilizes. 


Assumptions 1 Steady operating conditions exist. 2 Heat transfer through the insulated side of the plate is negligible. 3 The 
heat transfer coefficient is constant and uniform over the plate. 4 Heat loss by radiation is negligible. 


Properties The solar absorptivity of the plate is given to be a = 0.8. C) 


Analysis When the heat loss from the plate by convection equals the solar radiation absorbed, 
the surface temperature of the plate can be determined from 


: : 450 W/m’ 
Qsolarabsorbed = Qeon 
AQ solar = hA(T, E T,) a = 0.8 
0.8x Ax 450 W/m? =(50 W/m? -°C)A(T, — 25) 25°C 
Canceling the surface area A and solving for T, gives > 


T, =32.2°C 
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g 
2-107 Reconsider Prob. 2-106. Using EES (or other) software, investigate the effect of the convection heat transfer 
coefficient on the surface temperature of the plate. Let the heat transfer coefficient vary from 10 W/m°.°C to 90 W/m’.°C. 
Plot the surface temperature against the convection heat transfer coefficient, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

alpha=0.8 
q_dot_solar=450 [W/m^2] 
T_f=25 [C] 

h=50 [W/m^2-C] 


"Analysis" 
q_dot_solarabsorbed=alpha*q_dot_solar 
q_dot_conv=h*(T_s-T_f) 
q_dot_solarabsorbed=q_dot_conv 


h T, 65 

[W/m?-C]_| [C] J 

10 61 60 

15 49 P | 

20 43 aa | 

25 39.4 

30 37 | # | 

35 35.29 O 45 A 

40 34 =S | a | 
(7) 

45 33 H” 40 N 

50 32.2 l i J 

55 31.55 i a l 

60 31 ai "ssaa 

65 30.54 | L nea 

70 30.14 25 

75 29.8 10 20 30 40 50 60 70 80 90 

80 29.5 h (WIm?-°C) 

85 29.24 

90 29 


2-108 A hot water pipe at 80°C is losing heat to the surrounding air at 5°C by natural convection with a heat transfer 
coefficient of 25 W/ m°.°C. The rate of heat loss from the pipe by convection is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat 80°C 
transfer by radiation is not considered. 3 The convection heat 
transfer coefficient is constant and uniform over the surface. 


Analysis The heat transfer surface area is 
A = (aD)L = 3.14x(0.05 m)(10 m) = 1.571 m? L=10m 
Under steady conditions, the rate of heat transfer by convection is f Air, 5°C 


Qeony = RAAT = (25 W/m? -°C)(1.571 m*)(80 -5)°C = 2945 W = 2.95 kW 
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2-109 A spacecraft in space absorbs solar radiation while losing heat to deep space by thermal radiation. The surface 


temperature of the spacecraft is to be determined when steady conditions are reached.. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Thermal properties of the spacecraft are constant. 


Properties The outer surface of a spacecraft has an emissivity of 0.6 and an 
absorptivity of 0.2. 


Analysis When the heat loss from the outer surface of the spacecraft by 
radiation equals the solar radiation absorbed, the surface temperature can be 1000 W/m? 
determined from 


Qsolarabsorbed = Qrad a= 0.2 


; €=0.6 
AQ solar = EAT $ = ee 
—> 


0.2 x Ax (1000 W/m?) = 0.6 x Ax (5.67 x10-° W/m? -K*)[T4 — (0 K)f] 


Canceling the surface area A and solving for T, gives 


T, =276.9K 
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EES 
2-110 Reconsider Prob. 2-109. Using EES (or other) software, investigate the effect of the surface emissivity and 
absorptivity of the spacecraft on the equilibrium surface temperature. Plot the surface temperature against emissivity for 
solar absorptivities of 0.1, 0.5, 0.8, and 1, and discuss the results. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

epsilon=0.2 

alpha=0.6 

q_dot_solar=1000 [W/m^2] 
T_f=0 [K] "space temperature" 


"Properties" 
sigma=5.67E-8 [W/m^2-K^4] 


"Analysis" 
q_dot_solarabsorbed=alpha*q_dot_solar 
q_dot_rad=epsilon*sigma*(T_s^4-T_f™4) 
q_dot_solarabsorbed=q_dot_rad 


€ T; 650 — 
[K] i 

0.1 648 ipi q 
0.2 544.9 5505 4 
0.3 492.4 1 
0.4 458.2 aoe 3 
0.5 433.4 Z iò 3 
0.6 414.1 x : 
0.7 398.4 F 400 = 
0.8 385.3 1 
0.9 374.1 S30 x 
1 364.4 300 REN d 
Table fore = 1 ~ J 
250 4 

1 1 1 ll 1 li 1 | 1 1 1 1 ll 1 4 
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2-111 A hollow spherical iron container is filled with iced water at 0°C. The rate of heat loss from the sphere and the rate 
at which ice melts in the container are to be determined. 


Assumptions 1 Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 2 Heat transfer through the shell is one-dimensional. 3 Thermal properties of the iron shell are constant. 4 The inner 
surface of the shell is at the same temperature as the iced water, 0°C. 


Properties The thermal conductivity of iron is k = 80.2 W/m-°C (Table 2-3). The heat of fusion of water is at 1 atm is 333.7 


kJ/kg. 
an 5°C 


Analysis This spherical shell can be approximated as a plate of thickness 
0.4 cm and surface area 


A = aD? = 3.14x(0.2 m} = 0.126 m? 


Then the rate of heat transfer through the shell by conduction is 


i (5 -0)°C 


Qoond = ka = (80.2 W/m-°C)(0.126 m?) Toa 12632 W 


4m 


Considering that it takes 333.7 kJ of energy to melt 1 kg of ice at 0°C, the rate at which ice melts in the container can be 
determined from 


Q 12.632 kJ/s 
Mice = h = 
ip 333.7 kJ/kg 


= 0.038 kg/s 


Discussion We should point out that this result is slightly in error for approximating a curved wall as a plain wall. The error 
in this case is very small because of the large diameter to thickness ratio. For better accuracy, we could use the inner 
surface area (D = 19.2 cm) or the mean surface area (D = 19.6 cm) in the calculations. 
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Review Problems 


2-112 A classroom has a specified number of students, instructors, and fluorescent light bulbs. The rate of internal heat 
generation in this classroom is to be determined. 


Assumptions 1 There is a mix of men, women, and children in the classroom. 2 The amount of light (and thus energy) 
leaving the room through the windows is negligible. 


Properties The average rate of heat generation from people seated in a room/office is given to be 100 W. 


Analysis The amount of heat dissipated by the lamps is equal to the amount of electrical energy consumed by the lamps, 
including the 10% additional electricity consumed by the ballasts. Therefore, 


Qiignting = (Energy consumed per lamp) x (No. of lamps) 
= (40 W)(1.1)(18) = 792 W 
Queople = (No. of people) x Qperson = 56x (100 W) = 5600 W 


Then the total rate of heat gain (or the internal heat load) of the 
classroom from the lights and people become 


Qtotal = Quighting + Qpeople = 792 +5600 = 6392 W 


2-113 A decision is to be made between a cheaper but inefficient natural gas heater and an expensive but efficient natural 
gas heater for a house. 


Assumptions The two heaters are comparable in all aspects other than the initial cost and efficiency. 


Analysis Other things being equal, the logical choice is the heater that will cost less during its lifetime. The total cost of a 
system during its lifetime (the initial, operation, maintenance, etc.) can be determined by performing a life cycle cost 
analysis. A simpler alternative is to determine the simple payback period. 


The annual heating cost is given to be $1200. Noting that the existing heater is 55% 


efficient, only 55% of that energy (and thus money) is delivered to the house, and the Gas Heater 
rest is wasted due to the inefficiency of the heater. Therefore, the monetary value of the nı = 82% 
heating load of the house is No = 95% 


Cost of useful heat = (55%)(Current annual heating cost) 


= 0.55x($1200/yr)=$660/yr 


This is how much it would cost to heat this house with a heater that is 100% efficient. For heaters 
that are less efficient, the annual heating cost is determined by dividing $660 by the efficiency: 


82% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.82 = $805/yr 
95% heater: Annual cost of heating = (Cost of useful heat)/Efficiency = ($660/yr)/0.95 = $695/yr 
Annual cost savings with the efficient heater = 805 - 695 = $110 
Excess initial cost of the efficient heater = 2700 - 1600 = $1100 
The simple payback period becomes 
Excess initial cost $1100 


Simple payback period = = =10 years 
Pee Annaul cost savings $110/yr ý 


Therefore, the more efficient heater will pay for the $1100 cost differential in this case in 10 years, which is more than the 
8-year limit. Therefore, the purchase of the cheaper and less efficient heater is a better buy in this case. 
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2-114 A wind turbine is rotating at 20 rpm under steady winds of 30 km/h. The power produced, the tip speed of the blade, 
and the revenue generated by the wind turbine per year are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the entire year at the 
specified conditions. 


Properties The density of air is given to be p = 1.20 kg/m’. 


Analysis (a) The blade span area and the mass flow rate of air 
through the turbine are 
A= D° /4= z(80 m)? /4=5027 m° 
1000 m 1h 
1km I 3600s 
t= pAV = (1.2kg/m*)(5027 m? (8.333 m/s) = 50,270 kg/s 


V =(30 kin] ) =8.333 m/s 


Noting that the kinetic energy of a unit mass is V’/2 and the wind turbine 
captures 35% of this energy, the power generated by this wind turbine 
becomes 


1kJ/kg 


. 1. 2) 1 ( 
W =n| —mV? |=(0.35) — (50,270 kg/s)(8.333 m/s)?| ———2> — 
ils ( 56 g/s)( ) 1000 m?/s? 


=610.9 kW 


(b) Noting that the tip of blade travels a distance of nD per revolution, the tip velocity of the turbine blade for an rpm of ñ 
becomes 


Viip = Dñ = 7(80 m)(20/ min) = 5027 m/min = 83.8 m/s = 302 km/h 
(c) The amount of electricity produced and the revenue generated per year are 
Electricity produced = WAt = (610.9 kW)(365 x 24 h/year) 
= 5.351x10° kWh/year 


Revenue generated = (Electricity produced)(Unit price) = (5.351x10° kWh/year)($0.06/kWh) 
= $321,100/year 
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2-115 A wind turbine is rotating at 20 rpm under steady winds of 20 km/h. The power produced, the tip speed of the blade, 
and the revenue generated by the wind turbine per year are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The wind turbine operates continuously during the entire year at the 
specified conditions. 


Properties The density of air is given to be p = 1.20 kg/m’. 


Analysis (a) The blade span area and the mass flow rate of air through the 
turbine are 


A= aD? /4= (80m)? /4=5027 m° 


V =(20 knf 120 zf u ) =5.556 m/s 


1km J( 3600s 
m= pAV = (1.2 kg/m*)(5027 m*)(5.556 m/s) = 33,510 kg/s 


Noting that the kinetic energy of a unit mass is V’/2 and the wind turbine 
captures 35% of this energy, the power generated by this wind turbine becomes 


1kJ/kg 


W= (zav?) = (0.35) 5 (33,510 kg/s)(6.944 m| Fe =181.0 kw 
1 


0m?/s? 
(b) Noting that the tip of blade travels a distance of nD per revolution, the tip velocity of the turbine blade for an rpm of ñ 


becomes 


Vi = “Dn = 2(80 m)(20/ min) = 5027 m/min = 83.8 m/s = 302 km/h 


ip 

(c) The amount of electricity produced and the revenue generated per year are 
Electricity produced = WAt = (181.0 kW)(365 x 24 h/year) 

= 1,585,535 kWh/year 


Revenue generated = (Electricity produced)(Unit price) = (1,585,535 kWh/year)($0.06/kWh) 
= $95,130/year 
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2-116E The energy contents, unit costs, and typical conversion efficiencies of various energy sources for use in water 
heaters are given. The lowest cost energy source is to be determined. 


Assumptions The differences in installation costs of different water heaters are not considered. 


Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the 
problem statement. 


Analysis The unit cost of each Btu of useful energy supplied to the water heater by each system can be determined from 


Unit cost of energy supplied 


Unit cost of useful energy = - — 
Conversion efficiency 


Substituting, 
0.012/ft° | 1ft? 
Natural gas heater: Unit cost of useful energy = OU a = $21.3x10° /Btu 
0.55 1025 Btu 
1.15/gal 1gal 3 
Heating by oil heater: Unit cost of useful energy = i ga ga = $15.1x10~° / Btu 
0.55 138,700 Btu 
0.084/kWh £ 
Electric heater: Unit cost of useful energy = EN), Awi: = $27.4x10° / Btu 
0.90 3412 Btu 


Therefore, the lowest cost energy source for hot water heaters in this case is oil. 


2-117 A home owner is considering three different heating systems for heating his house. The system with the lowest 
energy cost is to be determined. 


Assumptions The differences in installation costs of different heating systems are not considered. 


Properties The energy contents, unit costs, and typical conversion efficiencies of different systems are given in the 
problem statement. 


Analysis The unit cost of each Btu of useful energy supplied to the house by each system can be determined from 


Unit cost of energy supplied 


Unit cost of useful energy = - — 
Conversion efficiency 


Substituting, 
Natural gas heater: Unit cost of useful energy = pithean |= $13.5x10°/kJ 
0.87 105,500 kJ 
1.25/gal 1gal é 
Heating oil heater: Unit cost of useful energy = $ ga ga = $10.4x10~° /kJ 
0.87 \ 138,500 kJ 
0.09/kWh 
Electric heater: Unit cost of useful energy = NN aly = $25.0x10~° /kJ 
1.0 3600 kJ 


Therefore, the system with the lowest energy cost for heating the house is the heating oil heater. 
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2-118 The heating and cooling costs of a poorly insulated house can be reduced by up to 30 percent by adding adequate 
insulation. The time it will take for the added insulation to pay for itself from the energy it saves is to be determined. 


Assumptions It is given that the annual energy usage of a house is $1200 a year, and 46% of it 


is used for heating and cooling. The cost of added insulation is given to be $200. 
Heat loss 


Analysis The amount of money that would be saved per year is determined directly from 


Money saved = ($1200 /year)(0.46)(0.30) = $166 /yr 


Then the simple payback period becomes 


Cost $200 
Payback period = = =1.2 yr H 
j p Money saved $166/yr % SoSe 


Therefore, the proposed measure will pay for itself in less than one and a half year. 


2-119 Caulking and weather-stripping doors and windows to reduce air leaks can reduce the energy use of a house by up to 
10 percent. The time it will take for the caulking and weather-stripping to pay for itself from the energy it saves is to be 
determined. 


Assumptions It is given that the annual energy usage of a house is $1100 a year, and the cost of caulking and weather- 
stripping a house is $60. 


Analysis The amount of money that would be saved per year is determined directly from 


Money saved = ($1100/year)(0.10) = $110 /yr 


Then the simple payback period becomes 


Payback period = S ems 0.546 yr 
Moneysaved $110/yr 


Therefore, the proposed measure will pay for itself in less than half a year. 


2-120E The energy stored in the spring of a railroad car is to be expressed in different units. 


Analysis Using appropriate conversion factors, we obtain 


32.174 Ibm - ft/s? 
1lbf 


(a) W = (5000 Ibf - ef | = 160,870 Ibm. ft? Is? 


0.33303 yd 


(b) W = (5000 lbf af 


) -1065 Ibf-yd 


2 š 2 
© W = oan} S278, I imi (20008 


2 
= 74,785 Ibm - mile? Ih? 
1lbf 5280 ft th 
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2-121E The work required to compress a gas in a gas spring is to be determined. 


Assumptions All forces except that generated by the gas spring will be neglected. 


Analysis When the expression given in the problem statement is substituted into the work integral relation, and advantage is 
taken of the fact that the force and displacement vectors are collinear, the result is 


2 2 
W= f Fas _ f -n dx 


1 i F 
Constant, i-k 4k x 
Gee te EL 


200 lbf -in'* ee oal 1ft 
= (4i) - (Lin | — 
1-1.4 k ) a | 12in 


=17.74 lbf -ft 


= (17.74 Ibe -f| ——B™ = 0.0228 Btu 
778.169 Ibf -ft 


2-122E A man pushes a block along a horizontal plane. The work required to move the block is to be determined 
considering (a) the man and (b) the block as the system. 


Analysis The work applied to the block to overcome the friction is found by using the work integral, 
2 2 
W = | Fds = | fW, -x) e, 
1 1 
= (0.2)(100 lbf )(100 ft) fw 
= 2000 lbf - ft 


1Btu 
778.169 lbf - ft 


= (2000 lbf - ol = 2.57 Btu wW 


The man must then produce the amount of work 


W =2.57 Btu 
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2-123 A diesel engine burning light diesel fuel that contains sulfur is considered. The rate of sulfur that ends up in the 
exhaust and the rate of sulfurous acid given off to the environment are to be determined. 


Assumptions 1 All of the sulfur in the fuel ends up in the exhaust. 2 For one kmol of sulfur in the exhaust, one kmol of 
sulfurous acid is added to the environment. 


Properties The molar mass of sulfur is 32 kg/kmol. 
Analysis The mass flow rates of fuel and the sulfur in the exhaust are 
mai, _ (336 kg air/h) 


air 


AF (18 kg air/kg fuel) 


=18.67 kg fuel/h 


Meuel = 


Msuur = (75010 Jre] = (75010 )(18.67 kg/h) = 0.014 kg/h 


The rate of sulfurous acid given off to the environment is 


M ys03 A _2x1+32+3x16 


m = m 
H2S03 Sulfur 
M Sulfur 32 


(0.014 kg/h) = 0.036 kg/h 


Discussion This problem shows why the sulfur percentage in diesel fuel must be below certain value to satisfy regulations. 


2-124 Lead is a very toxic engine emission. Leaded gasoline contains lead that ends up in the exhaust. The amount of lead 
put out to the atmosphere per year for a given city is to be determined. 


Assumptions 35% of lead is exhausted to the environment. 
Analysis The gasoline consumption and the lead emission are 
Gasoline Consumption = (5000 cars)(15,000 km/car - year)(8.5L/100 km) = 6.375 x 10° L/year 
Lead Emission = (GaolineConsumption)m,.,4 flead 
= (6.375 x10° L/year)(0.15 x 10° kg/L)(0.35) 
= 335 kg/year 


Discussion Note that a huge amount of lead emission is avoided by the use of unleaded gasoline. 


2-125E The power required to pump a specified rate of water to a specified elevation is to be determined. 
Properties The density of water is taken to be 62.4 Ibm/ft® (Table A-3E). 


Analysis The required power is determined from 


W =thg (zz —2,) = p(z, - 24) 


3 
= (62.4 Ibm/ft?)(200 gal/min) 2°" 5 _|¢g9_174 fus? X300 nf _) 
1S Rp0 gali 32.174 Ibm- ft/s 


1kw 


= 8342 Ibf - ft/s = (8342 Ibf - ft/s} ———" 
737.56 lbf - ft/s 


=11.3 kw 
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2-126 The power that could be produced by a water wheel is to be determined. 
Properties The density of water is taken to be 1000 m*/kg (Table A-3). 
Analysis The power production is determined from 

W =mg(z, - 2) = pVg(z2 - z1) 
1kJ/kg 


= (1000 kg/m*)(0.320/60 m?/s)(9.81m/s* )(14 m)} ——-—2— 
2,2 
1000 m^/s 


) =0.732 kW 


2-127 The flow of air through a flow channel is considered. The diameter of the wind channel downstream from the rotor 
and the power produced by the windmill are to be determined. 


Analysis The specific volume of the air is 


y RT _ (0.287 kPa -m°/kg- K)(293 K) 


= 0.8409 m? /kg 
P 100 kPa 


Plow channel 


The diameter of the wind channel downstream from the rotor is 


AV, = AV, —>(aD7 / 4)V, = (4D} / 4)V> 


V 
sD =D, sgm E 7am 
V 9 m/s 


The mass flow rate through the wind mill is ee, Se 


2 
se td AT AOE is 7 ee 
V 4(0.8409 m?/kg) 


The power produced is then 


W=rm eve 


2 2 
sery ig ms) | 1kJ/kg 


2 
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2-128 The available head, flow rate, and efficiency of a hydroelectric turbine are given. The electric power output is to be 
determined. 


Assumptions 1 The flow is steady. 2 Water levels at the reservoir and the discharge site remain constant. 3 Frictional losses 
in piping are negligible. 


Properties We take the density of water to be p = 1000 kg/m? = 1 kg/L. 


Analysis The total mechanical energy the water in a dam 
possesses is equivalent to the potential energy of water at the © 
free surface of the dam (relative to free surface of discharge 

water), and it can be converted to work entirely. Therefore, the 
power potential of water is its potential energy, which is gz per 
unit mass, and mgz for a given mass flow rate. 


1kJ/kg 
ene = pe = gz = (9.81 m/s* )(90 me] = 0.8829 kJ/k 
mech P g 1000 m2/s2 g 


The mass flow rate is — E (cena) 
Generator 
m= pV = (1000 kg/m?)(65 m?/s) = 65,000 kg/s © 


Then the maximum and actual electric power generation become 


Naverall = 84% ? 


: z 1MW 
W E me 65,000 kg/s)(0.8829 kJ/kg) ———— |= 57.39 MW 
max mech mech ( g )( af 1000 kJ/s 
Wetectric = MoverallWmax = 0.84(57.39 MW) =48.2 MW 


Discussion Note that the power generation would increase by more than 1 MW for each percentage point improvement in 
the efficiency of the turbine-generator unit. 
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2-129 An entrepreneur is to build a large reservoir above the lake level, and pump water from the lake to the reservoir at 
night using cheap power, and let the water flow from the reservoir back to the lake during the day, producing power. The 
potential revenue this system can generate per year is to be determined. 


Assumptions 1 The flow in each direction is steady and incompressible. 2 The elevation difference between the lake and 
the reservoir can be taken to be constant, and the elevation change of reservoir during charging and discharging is 


disregarded. 3 Frictional losses in piping are negligible. 4 The system operates every day of the year for 10 hours in each 
mode. 


Properties We take the density of water to be p = 1000 kg/m’. 
Analysis The total mechanical energy of water in an upper 
reservoir relative to water in a lower reservoir is equivalent to Se 
the potential energy of water at the free surface of this reservoir Reservo 

relative to free surface of the lower reservoir. Therefore, the 


power potential of water is its potential energy, which is gz per Y 
unit mass, and mgz for a given mass flow rate. This also 


Pump- 
turbine 


represents the minimum power required to pump water from the 
lower reservoir to the higher reservoir. 


Wmax, turbine 7 W nin, pump = Wideal — AE mech = MAC mech = mApe = mgAz = pVgaz 


1N 1kW 
= (1000 kg/m?) (2 m?/s)(9.81 m/s”)(40 m í ) 
i enn X $ l] 1000 N- m/s 


= 784.8 kW 


The actual pump and turbine electric powers are 


Wideal _ 784.8 kW 
0.75 


W pump, elect — 


= 1046 kw 


pump-motor 


Weurbine = 1 turbine-gen Wideal = 0.75(784.8 kw) = 588.6 kW 


Then the power consumption cost of the pump, the revenue generated by the turbine, and the net income (revenue minus 
cost) per year become 


Cost = W pump, elect At x Unit price = (1046 kW)(365 x 10 h/year)($0.03/kWh) = $114,500/y ear 


Reveue = WearbineAt x Unit price = (588.6 kW)(365x 10 h/year)($0.08/kWh) = $171,900/year 
Net income = Revenue — Cost = 171,900 —114,500 = $57,400/year 


Discussion It appears that this pump-turbine system has a potential to generate net revenues of about $57,000 per year. A 
decision on such a system will depend on the initial cost of the system, its life, the operating and maintenance costs, the 
interest rate, and the length of the contract period, among other things. 
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Fundamentals of Engineering (FE) Exam Problems 


2-130 A 2-kW electric resistance heater in a room is turned on and kept on for 50 min. The amount of energy transferred to 
the room by the heater is 


(a) 2 kJ (b) 100 kJ (c) 3000 kJ (d) 6000 kJ (e) 12,000 kJ 
Answer (d) 6000 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We= 2 "kJ/s" 
time=50*60 "s" 
We_total=We*time "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Etotal=We*time/60 "using minutes instead of s" 
W2_Etotal=We "ignoring time" 


2-131 In a hot summer day, the air in a well-sealed room is circulated by a 0.50-hp (shaft) fan driven by a 65% efficient 
motor. (Note that the motor delivers 0.50 hp of net shaft power to the fan). The rate of energy supply from the fan-motor 
assembly to the room is 


(a) 0.769 kJ/s (b) 0.325 kJ/s (c) 0.574 kJ/s (d) 0.373 kJ/s (e) 0.242 kJ/s 
Answer (c) 0.574 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Eff=0.65 
W_fan=0.50*0.7457 "kW" 
E=W_fan/Eff "kJ/s" 


"Some Wrong Solutions with Common Mistakes:" 
W1_E=W_fan*Eff "Multiplying by efficiency" 
W2_E=W_fan "Ignoring efficiency" 
W3_E=W_fan/Eff/0.7457 "Using hp instead of kW" 
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2-132 A fan is to accelerate quiescent air to a velocity to 12 m/s at a rate of 3 m’/min. If the density of air is 1.15 kg/m’, the 
minimum power that must be supplied to the fan is 


(a) 248 W (b) 72 W (c) 497 W (d) 216 W (e) 162 W 
Answer (a) 248 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho=1.15 

V=12 

Vdot=3 "m3/s" 
mdot=rho*Vdot "kg/s" 
We=mdot*V“2/2 


"Some Wrong Solutions with Common Mistakes:" 
W1_We=Vdot*V“2/2 "Using volume flow rate" 
W2_We=mdot*V“2 "forgetting the 2" 
W3_We=V%2/2 "not using mass flow rate" 


2-133 A 900-kg car cruising at a constant speed of 60 km/h is to accelerate to 100 km/h in 4 s. The additional power needed 
to achieve this acceleration is 


(a) 56 kW (b) 222 kw (c) 2.5 kW (d) 62 kw (e) 90 kW 
Answer (a) 56 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=900 "kg" 

V1=60 "km/h" 

V2=100 "km/h" 

Dt=4 "s" 
Wa=m*((V2/3.6)*2-(V1/3.6)*2)/2000/Dt "kW" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Wa=((V2/3.6)*2-(V1/3.6)*2)/2/Dt "Not using mass" 
W2_Wa=m*((V2)*2-(V1)*2)/2000/Dt "Not using conversion factor" 
W3_Wa=m*((V2/3.6)*2-(V1/3.6)*2)/2000 "Not using time interval" 
W4_Wa=m‘*((V2/3.6)-(V1/3.6))/1000/Dt "Using velocities" 
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2-134 The elevator of a large building is to raise a net mass of 400 kg at a constant speed of 12 m/s using an electric motor. 
Minimum power rating of the motor should be 


(a) 0 kw (b) 4.8 kw (c) 47 kW (d) 12 kw (e) 36 kW 
Answer (c) 47 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=400 "kg" 

V=12 "m/s" 

g=9.81 "m/s2" 
Wg=m*g*V/1000 "kW" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Wg=m*V "Not using g" 
W2_Wg=m*g*V“%2/2000 "Using kinetic energy" 
W3_Wg=m*g/V "Using wrong relation" 


2-135 Electric power is to be generated in a hydroelectric power plant that receives water at a rate of 70 m*/s from an 
elevation of 65 m using a turbine-generator with an efficiency of 85 percent. When frictional losses in piping are 
disregarded, the electric power output of this plant is 


(a) 3.9 MW (b) 38 MW (c) 45 MW (d) 53 MW (e) 65 MW 
Answer (b) 38 MW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vdot=70 "m3/s" 
z=65 "m" 

g=9.81 "m/s2" 

Eff=0.85 

rho=1000 "kg/m3" 
We=rho*Vdot*g*z*Eff/10^6 "MW" 


"Some Wrong Solutions with Common Mistakes:" 
W1_We=rho*Vdot*z*Eff/10^6 "Not using g" 
W2_We=rho*Vdot*g*z/Eff/10^6 "Dividing by efficiency" 
W3_We=rho*Vdot*g*z/10^6 "Not using efficiency" 
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2-136 A 75 hp (shaft) compressor in a facility that operates at full load for 2500 hours a year is powered by an electric 
motor that has an efficiency of 93 percent. If the unit cost of electricity is $0.06/kWh, the annual electricity cost of this 
compressor is 


(a) $7802 (b) $9021 (c) $12,100 (d) $8389 (e) $10,460 
Answer (b) $9021 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Wcomp=75 "hp" 
Hours=2500 “h/year” 
Eff=0.93 


price=0.06 “$/kWh” 
We=Wcomp*0.7457*Hours/Eff 
Cost=We’*price 


"Some Wrong Solutions with Common Mistakes:" 

W1_cost= Wcomp*0.7457*Hours*price*Eff “multiplying by efficiency” 

W2_cost= Wcomp*Hours*price/Eff “not using conversion” 

W3_cost= Wcomp*Hours*price*Eff “multiplying by efficiency and not using conversion” 
W4_cost= Wcomp*0.7457*Hours* price “Not using efficiency” 


2-137 Consider a refrigerator that consumes 320 W of electric power when it is running. If the refrigerator runs only one 
quarter of the time and the unit cost of electricity is $0.09/kWh, the electricity cost of this refrigerator per month (30 days) 
is 

(a) $3.56 (b) $5.18 (c) $8.54 (d) $9.28 (e) $20.74 

Answer (b) $5.18 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We=0.320 "kW" 
Hours=0.25*(24*30) "h/year" 
price=0.09 "$/kWh" 
Cost=We*hours*price 


"Some Wrong Solutions with Common Mistakes:" 
W1_cost= We*24*30*price "running continuously" 
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2-138 A 2-kW pump is used to pump kerosene (p = 0.820 kg/L) from a tank on the ground to a tank at a higher elevation. 
Both tanks are open to the atmosphere, and the elevation difference between the free surfaces of the tanks is 30 m. The 
maximum volume flow rate of kerosene is 


(a) 8.3 L/s (b) 7.2 L/s (c) 6.8 L/s (d) 12.1 L/s (e) 17.8 L/s 
Answer (a) 8.3 L/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W=2 "kW" 

rho=0.820 "kg/L" 
z=30 "m" 

g=9.81 "m/s2" 
We=rho*Vdot*g*z/1000 


"Some Wrong Solutions with Common Mistakes:" 
W=W1_Vdot*g*z/1000 "Not using density" 


2-139 A glycerin pump is powered by a 5-kW electric motor. The pressure differential between the outlet and the inlet of 
the pump at full load is measured to be 211 kPa. If the flow rate through the pump is 18 L/s and the changes in elevation 
and the flow velocity across the pump are negligible, the overall efficiency of the pump is 


(a) 69% (b) 72% (c) 76% (d) 79% (e) 82% 
Answer (c) 76% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


We=5 "kW" 

Vdot= 0.018 "m3/s" 
DP=211 "kPa" 
Emech=Vdot*DP 
Emech=Eff*We 
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The following problems are based on the optional special topic of heat transfer 


2-140 A 10-cm high and 20-cm wide circuit board houses on its surface 100 closely spaced chips, each generating heat at a 
rate of 0.08 W and transferring it by convection to the surrounding air at 25°C. Heat transfer from the back surface of the 
board is negligible. If the convection heat transfer coefficient on the surface of the board is 10 W/m’.°C and radiation heat 
transfer is negligible, the average surface temperature of the chips is 


(a) 26°C (b) 45°C (c) 15°C (d) 80°C (e) 65°C 
Answer (e) 65°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=0.10*0.20 "m2" 
Q= 100*0.08 "W" 
Tair=25 "C" 

h=10 "W/m^2.C" 

Q= h*A*(Ts-Tair) "W" 


"Some Wrong Solutions with Common Mistakes:" 

Q= h*(W1_Ts-Tair) "Not using area" 

Q= h*2*A*(W2_Ts-Tair) "Using both sides of surfaces" 

Q= h*A*(W3_Ts+Tair) "Adding temperatures instead of subtracting" 
Q/100= h*A*(W4_Ts-Tair) "Considering 1 chip only" 


2-141 A 50-cm-long, 0.2-cm-diameter electric resistance wire submerged in water is used to determine the boiling heat 
transfer coefficient in water at 1 atm experimentally. The surface temperature of the wire is measured to be 130°C when a 
wattmeter indicates the electric power consumption to be 4.1 kW. Then the heat transfer coefficient is 


(a) 43,500 W/m*.°C (b) 137 W/m?.°C (c) 68,330 W/m°.°C (d) 10,038 W/m’.°C 
(e) 37,540 W/m?.°C 
Answer (a) 43,500 W/m?.°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


L=0.5 "m" 

D=0.002 "m" 

A=pi*D*L "m^2" 

We=4.1 "kW" 

Ts=130 "C" 

Tf=100 "C (Boiling temperature of water at 1 atm)" 
We= h*A*(Ts-Tf) "W" 


"Some Wrong Solutions with Common Mistakes:" 

We= W1_h*(Ts-Tf) "Not using area" 

We= W2_h*(L*pi*D^2/4)*(Ts-Tf) "Using volume instead of area" 
We= W3_h*A*Ts "Using Ts instead of temp difference" 
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2-142 A 3-m* hot black surface at 80°C is losing heat to the surrounding air at 25°C by convection with a convection heat 
transfer coefficient of 12 W/m’.°C, and by radiation to the surrounding surfaces at 15°C. The total rate of heat loss from the 
surface is 


(a) 1987 W (b) 2239 W (c) 2348 W (d) 3451 W (e) 3811 W 
Answer (d) 3451 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


sigma=5.67E-8 "W/m^2.K^4" 

eps=1 

A=3 "m2" 

h_conv=12 "W/m’2.C" 

Ts=80 "C" 

Tf=25 "C" 

Tsurr=15 "C" 

Q_conv=h_conv*A*(Ts-Tf) "W" 
Q_rad=eps*sigma*A*((TS+273)*4-(Tsurr+273)%4) "W" 
Q_ total=Q_conv+Q_rad "W" 


"Some Wrong Solutions with Common Mistakes:" 

W1_QI=Q_conv "Ignoring radiation" 

W2_Q=Q_rad "ignoring convection" 

W3_Q=Q _conv+eps*sigma*A*(Ts*4-Tsurr’4) "Using C in radiation calculations" 
W4_Q=Q total/A "not using area" 


2-143 Heat is transferred steadily through a 0.2-m thick 8 m by 4 m wall at a rate of 2.4 kW. The inner and outer surface 
temperatures of the wall are measured to be 15°C to 5°C. The average thermal conductivity of the wall is 


(a) 0.002 W/m.°C (b) 0.75 W/m.°C (c) 1.0 W/m.°C (d) 1.5 W/m.°C (e) 3.0 W/m.°C 
Answer (d) 1.5 W/m.°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=8*4 "m2" 

L=0.2 "m" 

T1=15 "C" 

T2=5 "C" 

Q=2400 "Ww" 
Q=k*A*(T1-T2)/L "W" 


"Some Wrong Solutions with Common Mistakes:" 

Q=W1_k*(T1-T2)/L "Not using area" 

Q=W2_k*2*A*(T1-T2)/L "Using areas of both surfaces" 
Q=W3_k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
Q=W4_k*A*L*(T1-T2) "Multiplying by thickness instead of dividing by it" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


2-71 


2-144 The roof of an electrically heated house is 7 m long, 10 m wide, and 0.25 m thick. It is made of a flat layer of 
concrete whose thermal conductivity is 0.92 W/m.°C. During a certain winter night, the temperatures of the inner and outer 
surfaces of the roof are measured to be 15°C and 4°C, respectively. The average rate of heat loss through the roof that night 
was 


(a) 41 W (b) 177 W (c) 4894 W (d) 5567 W (e) 2834 W 
Answer (e) 2834 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


A=7*10 "m^2" 

L=0.25 "m" 

k=0.92 "W/m.C" 

T1=15 "C" 

T2=4 "C" 
Q_cond=k*A*(T1-T2)/L "W" 


"Some Wrong Solutions with Common Mistakes:" 

W1_Q=k*(T1-T2)/L "Not using area" 

W2_Q=k*2*A*(T1-T2)/L "Using areas of both surfaces" 
W3_Q=k*A*(T1+T2)/L "Adding temperatures instead of subtracting" 
W4_Q=k*A*L*(T1-T2) "Multiplying by thickness instead of dividing by it" 


2-145 ... 2-151 Design and Essay Problems 
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Solutions Manual for 


Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 3 
PROPERTIES OF PURE SUBSTANCES 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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Pure Substances, Phase Change Processes, Property Diagrams 


3-1C A liquid that is about to vaporize is saturated liquid; otherwise it is compressed liquid. 


3-2C A vapor that is about to condense is saturated vapor; otherwise it is superheated vapor. 


3-3C No. 


3-4C The temperature will also increase since the boiling or saturation temperature of a pure substance depends on 
pressure. 


3-5C Because one cannot be varied while holding the other constant. In other words, when one changes, so does the other 
one. 


3-6C At critical point the saturated liquid and the saturated vapor states are identical. At triple point the three phases of a 
pure substance coexist in equilibrium. 


3-7C Yes. 


3-8C Case (c) when the pan is covered with a heavy lid. Because the heavier the lid, the greater the pressure in the pan, and 
thus the greater the cooking temperature. 


3-9C At supercritical pressures, there is no distinct phase change process. The liquid uniformly and gradually expands into 
a vapor. At subcritical pressures, there is always a distinct surface between the phases. 
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3-3 
Property Tables 


3-10C A perfectly fitting pot and its lid often stick after cooking as a result of the vacuum created inside as the temperature 
and thus the corresponding saturation pressure inside the pan drops. An easy way of removing the lid is to reheat the food. 
When the temperature rises to boiling level, the pressure rises to atmospheric value and thus the lid will come right off. 


3-11C The molar mass of gasoline (CgHjs) is 114 kg/kmol, which is much larger than the molar mass of air that is 29 
kg/kmol. Therefore, the gasoline vapor will settle down instead of rising even if it is at a much higher temperature than the 
surrounding air. As a result, the warm mixture of air and gasoline on top of an open gasoline will most likely settle down 
instead of rising in a cooler environment 


3-12C Yes. Otherwise we can create energy by alternately vaporizing and condensing a substance. 


3-13C No. Because in the thermodynamic analysis we deal with the changes in properties; and the changes are 
independent of the selected reference state. 


3-14C The term hg, represents the amount of energy needed to vaporize a unit mass of saturated liquid at a specified 
temperature or pressure. It can be determined from hy, = hg - hy. 


3-15C Yes. It decreases with increasing pressure and becomes zero at the critical pressure. 


3-16C Yes; the higher the temperature the lower the hy, value. 


3-17C Quality is the fraction of vapor in a saturated liquid-vapor mixture. It has no meaning in the superheated vapor 
region. 


3-18C Completely vaporizing 1 kg of saturated liquid at 1 atm pressure since the higher the pressure, the lower the hg . 


3-19C No. Quality is a mass ratio, and it is not identical to the volume ratio. 
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3-20C The compressed liquid can be approximated as a saturated liquid at the given temperature. Thus Vr p =V;@r- 


3-21C Ice can be made by evacuating the air in a water tank. During evacuation, vapor is also thrown out, and thus the 
vapor pressure in the tank drops, causing a difference between the vapor pressures at the water surface and in the tank. This 
pressure difference is the driving force of vaporization, and forces the liquid to evaporate. But the liquid must absorb the 
heat of vaporization before it can vaporize, and it absorbs it from the liquid and the air in the neighborhood, causing the 
temperature in the tank to drop. The process continues until water starts freezing. The process can be made more efficient 
by insulating the tank well so that the entire heat of vaporization comes essentially from the water. 


3-22 D Complete the following table for H; O: 


T, °C P, kPa v, m?/kg Phase description 
50 12.35 7.72 Saturated mixture 
143.6 400 0.4624 Saturated vapor 
250 500 0.4744 Superheated vapor 
110 350 0.001051 Compressed liquid 
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EES 
3-23 Problem 3-22 is reconsidered. The missing properties of water are to be determined using EES, and the 
solution is to be repeated for refrigerant-134a, refrigerant-22, and ammonia. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=50 [C] 
v[1]=7.72 [m^3/kg] 
P[2]=400 [kPa] 
x[2]=1 

T[3]=250 [C] 
P[3]=500 [kPa] 
T[4]=110 [C] 
P[4]=350 [kPa] 


"Analysis" 

Fluid$='steam_iapws' "Change the Fluid to R134a, R22 and Ammonia and solve" 
P[1]=pressure(Fluid$, T=T[1], v=v[1]) 

x[1]=quality(Fluid$, T=T[1], v=v[1]) 

T[2]=temperature(Fluid$, P=P[2], x=x[2]) 

v[2]=volume(Fluid$, P=P[2], x=x[2]) 

v[3]=volume(Fluid$, P=P[3], T=T[3]) 

x[3]=quality(Fluid$, P=P[3], T=T[3]) 

v[4]=volume(Fluid$, P=P[4], T=T[4]) 

x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 100 for superheated vapor and x = -100 for compressed liquid" 


SOLUTION for water 


T[C] | P [kPa] | x v [kg/m*] 

50.00 | 12.35 | 0.641 | 7.72 
9 

143.6 | 400.00 | 1 0.4624 

1 

250.0 | 500.00 | 100 0.4744 

0 

110.0 | 350.00 | -100 | 0.00105 

0 1 


SOLUTION for R-134a 


T[C] | P [kPa] | x v [kg/m] 


50.00 | 3.41 100 | 7.72 


8.91 400.00 | 1 0.0512 


250.0 | 500.00 | - - 

0 

110.0 | 350.00 | 100 | 0.08666 
0 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


3-6 
SOLUTION for R-22 


T[C] | P[kPa]| xX | v [kg/m*] 


50.00 | 4.02 100 | 7.72 


-6.56 400.00 | 1 0.05817 


250.0 | 500.00 | 100 | 0.09959 
0 


110.0 | 350.00 | 100 | 0.103 
0 


SOLUTION for Ammonia 


TIC] | P [kPa] |X |v [kg/m*} 


50.00 | 20.40 | 100 | 7.72 


-1.89 400.00 | 1 0.3094 


250.0 | 500.00 | 100 | 0.5076 


0 
110.0 350.00 | 100 | 0.5269 
0 
Steam 
v 
H 
s [kJ/kg-K] 
Steam 
v 
He 


10% 10 102 107% 10° 102 102 108 
v [m/kg] 
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P [kPa] 


P [kPa] 


h [k3/kg] 
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Steam 
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10-2 
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v [m?/kg] 
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h [kJ/kg] 
Steam 
T T T T T T T T T T T T T T T T T 
L 8600 kPa 
|_ Z fs vA 
2600 kPa 


500 kPa 


30 40 50 60 70 80 9.0 10.0 


s [kJ/kg-K] 


3-7 


3-24E Complete the following table for H, O: 


T, °F P, psia u, Btu /lbm Phase description 
300 67.03 782 Saturated mixture 
267.22 40 236.02 Saturated liquid 
500 120 1174.4 Superheated vapor 
400 400 373.84 Compressed liquid 
CES 
3-25E Problem 3-24E is reconsidered. The missing properties of water are to be determined using EES, and the 


solution is to be repeated for refrigerant-134a, refrigerant-22, and ammonia. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T[1]=300 [F] 
u[1]=782 [Btu/lbm] 
P[2]=40 [psia] 
x[2]=0 

T[3]=500 [F] 
P[3]=120 [psia] 
T[4]=400 [F] 
P[4]=420 [psia] 


"Analysis" 

Fluid$='steam_iapws' 
P[1]=pressure(Fluid$, T=T[1], u=u[1]) 
x[1]=quality(Fluid$, T=T[1], u=u[1]) 
T[2]=temperature(Fluid$, P=P[2], x=x[2]) 
u[2]=intenergy(Fluid$, P=P[2], x=x[2]) 
u[3]=intenergy(Fluid$, P=P[3], T=T[3]) 
x[3]=quality(Fluid$, P=P[3], T=T[3]) 
u[4]=intenergy(Fluid$, P=P[4], T=T[4]) 
x[4]=quality(Fluid$, P=P[4], T=T[4]) 

"x = 100 for superheated vapor and x = -100 for compressed liquid 


Solution for steam 


T, °F P, psia x u, Btu/lbm 
300 67.028 0.6173 782 
267.2 40 0 236 

500 120 100 1174 

400 400 -100 373.8 
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3-26 Complete the following table for H, O: 


T, °C P, kPa h, kJ/kg x Phase description 
120.21 200 2045.8 0.7 Saturated mixture 
140 361.53 1800 0.565 Saturated mixture 
177.66 950 752.74 0.0 Saturated liquid 

80 500 335.37 --- Compressed liquid 
350.0 800 3162.2 --- Superheated vapor 


3-27 Complete the following table for Refrigerant-134a: 


T, °C P, kPa vy, m’?/kg Phase description 
-12 320 0.000750 Compressed liquid 
30 770.64 0.0065 Saturated mixture 
18.73 550 0.03741 Saturated vapor 

60 600 0.04139 Superheated vapor 


3-28 Complete the following table for water: 


P, kPa T, °C v, m/kg h, kJ/kg Condition description and quality, if 
applicable 

200 120.2 0.8858 2706.3 x = 1, Saturated vapor 

270.3 130 1959.3 x = 0.650, Two-phase mixture 

201.8 400 1.5358 3277.0 Superheated vapor 

800 30 0.001004" | 125.74" Compressed liquid 

450 147.90 - - Insufficient information 


” Approximated as saturated liquid at the given temperature of 30°C 
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3-29E Complete the following table for Refrigerant-134a: 


T, °F P, psia h, Btu/ Ibm x Phase description 

65.89 80 78 0.566 Saturated mixture 

15 29.759 69.92 0.6 Saturated mixture 

10 70 15.35 --- Compressed liquid 
160 180 129.46 --- Superheated vapor 
110 161.16 117.23 1.0 Saturated vapor 


3-30 A piston-cylinder device contains R-134a at a specified state. Heat is transferred to R-134a. The final pressure, the 
volume change of the cylinder, and the enthalpy change are to be determined. 


Analysis (a) The final pressure is equal to the initial pressure, which is determined from 


m 12kg)(9.81 m/s” kN 
P, =P, = Pim + 2 = 88 kPa + OO ae a - 
mD* /4 m(0.25 m)“ /4 1000 kg.m/s 


=90.4kPa 


(b) The specific volume and enthalpy of R-134a at the initial state of 90.4 kPa and -10°C and at the final state of 90.4 kPa 
and 15°C are (from EES) 


v, = 0.2302 m*/kg h; = 247.76 kJ/kg 
v = 0.2544 mi/kg hy = 268.16 kJ/kg 


The initial and the final volumes and the volume change are 


V, = my; = (0.85 kg)(0.2302 m?/kg) = 0.1957 m° 
V, = mv, = (0.85 kg)(0.2544m°/kg) = 0.2162 m? 
AV =0.2162-0.1957 = 0.0205 m? 


(c) The total enthalpy change is determined from 
AH =m(h, —h,) = (0.85 kg)(268.16 — 247.76) kJ/kg = 17.4 kJ/kg 


3-31E The temperature of R-134a at a specified state is to be determined. 


Analysis Since the specified specific volume is higher than w for 120 psia, this is a superheated vapor state. From R-134a 
tables, 
P =120 psia 


e | T =140°F (Table A -13E) 
Vv=U. m 
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3-11 
3-32 A rigid container that is filled with water is cooled. The initial temperature and the final pressure are to be determined. 


Analysis This is a constant volume process. The specific volume is 


V 0.150m° s 
v =v, = — = — -0.150 m3 /kg 
m lkg 
The initial state is superheated vapor. The temperature is determined to be 
P, =2 MPa 
3 T, =395°C (Table A - 6) P 
v, =0.150m°/kg 
This is a constant volume cooling process (v= V/m = constant). The final 1 
state is saturated mixture and thus the pressure is the saturation pressure at 
the final temperature: 
2 
T, =40°C 
P, =P, oc = 7.385 kPa (Table A - 4 
v =, = 0.150 m3/kg | 2 = Esat @ 40°C ( ) V 


3-33 A rigid container that is filled with R-134a is heated. The final temperature and initial pressure are to be determined. 


Analysis This is a constant volume process. The specific volume is 


y -y -V = 1348" 
1 2? m 10kg 


= 0.1348 m3/kg 


The initial state is determined to be a mixture, and thus the pressure is the 
saturation pressure at the given temperature 


P, = Pe @-aorc = 51.25 kPa (Table A -11) 2 
The final state is superheated vapor and the temperature is determined by 2 
interpolation to be 
P, = 200 kPa 
4 T, =66.3°C (Table A -13) 1 
v, = 0.1348 m°/kg v 
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3-34E Left chamber of a partitioned system contains water at a specified state while the right chamber is evacuated. The 
partition is now ruptured and heat is transferred to the water. The pressure and the total internal energy at the final state are 
to be determined. 


Analysis The final specific volume is 


v. 3ft B Evacuated 
LE _ 3 1.5 fÈ 
v, = — = —— = 1.5 ft” /lbm . 

2 m 2Ibm 2 Ibm 


1.5 ft? 


At this specific volume and the final temperature, the state is a saturated 
mixture, and the pressure is the saturation pressure 


P, = P.@300°r = 67.03 psia (Table A - 4E) 
The quality and internal energy at the final state are 


V2 —=Vf _ (1.5—0.01745) ft? /Ibm 


Vig (6.4663 — 0.01745) ft? /Ibm 
U, =U p + XU p = 269.51 + (0.2299)(830.25) = 460.38 Btu/lbm 


= 0.2299 


X, = 


The total internal energy is then 


U, = mu, = (2 Ibm)(460.38 Btu/Ibm) = 920.8 Btu 


3-35 The enthalpy of R-134a at a specified state is to be determined. 


Analysis The specific volume is 


3 
pa j e 
m 300kg 


Inspection of Table A-11 indicates that this is a mixture of liquid and vapor. Using the properties at 10°C line, the quality 
and the enthalpy are determined to be 


v-v E 3 
a LIME __ (0.03-0.0007930)m°/k8 o 6008 


Vig (0.049403 — 0.0007930) m?/kg 


h=hp + xh y = 65.43 + (0.6008)(190.73) = 180.02 kJ/kg 


3-36 The specific volume of R-134a at a specified state is to be determined. 


Analysis Since the given temperature is higher than the saturation temperature for 200 kPa, this is a superheated vapor state. 
The specific volume is then 
P = 200 kPa 


v =0.11646 mĉIkg (Table A -13) 
T =25°C 
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3-37E A spring-loaded piston-cylinder device is filled with R-134a. The water now undergoes a process until its volume 
increases by 40%. The final temperature and the enthalpy are to be determined. 


Analysis From Table A-11E, the initial specific volume is 
Vi =U, + XV g = 0.01143 + (0.80)(4.4300 — 0.01143) = 3.5463 ft? /Ibm 
and the initial volume will be 
V, = my; = (0.2 Ibm)(3.5463 ft? /Ibm) = 0.7093 ft? 
With a 40% increase in the volume, the final volume will be 2 
V, =1.4V, =1.4(0.7093 ft?) = 0.9930 ft? 
The distance that the piston moves between the initial and final conditions is V 


AV AV___ 4(0.9930-0.7093)ft* 
A, 2D*/4 n(1 ft)? 


= 0.3612 ft 


As a result of the compression of the spring, the pressure difference between the initial and final states is 


_ AF _kAx_ kAx __ 4(37 Ibffin)(0.3612 x12 in) 
A, Ap aD? /4 m(12 in)? 


= 1.42 lbf/in? = 1.42 psia 


The initial pressure is 


P, = Pit @-s0er = 9-87 psia (Table A -11E) 


Ss. 
The final pressure is then 
P, = P, + AP = 9.87+1.42 =11.29 psia 
and the final specific volume is 


V _ 0.9930 ft? 


v, = 4.965 ft? /Ibm 
m 0.2 Ibm 


At this final state, the temperature and enthalpy are 


P, =11.29 psi T, =81.5°F 
A i | i (from EES) 


v, = 4.965 ft°/lbm] h, = 119.9 Btu/lbm 


Note that it is very difficult to get the temperature and enthalpy from Table A-13E accurately. 
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3-38E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


V 2.4264 f° 


v= = 2.4264 ft? /lbm 
' m  1lbm H20 
600°F 
This is a constant-pressure process. The initial state is determined to be superheated 1 lbm 
vapor and thus the pressure is determined to be 2.4264 ft 
T, =600°F 


P, = P, =250 psia (Table A -6E 
E oo Patent 


The saturation temperature at 250 psia is 400.1°F. Since the final temperature 


is less than this temperature, the final state is compressed liquid. Using the 2 1 
incompressible liquid approximation, 

V, =V f@2°F = 9.01663 ft?/lbm (Table A - 4E) 

V 

The final volume is then 

V, = mv, = (1 lbm)(0.01663 ft? /Ibm) = 0.01663 ft? 
3-39 A piston-cylinder device that is filled with R-134a is heated. The final volume is to be determined. 
Analysis This is a constant pressure process. The initial specific volume is 

Vii, á 
pe a iss ie 
m 10kg 

The initial state is determined to be a mixture, and thus the pressure is the 
saturation pressure at the given temperature 

P, = Por @-26.4¢c =100kPa (Table A -12) 
The final state is superheated vapor and the specific volume is P 

P, =100 kPa 3 

Vv, = 0.30138 m`/kg (Table A -13) 2 

T, =100°C 1 
The final volume is then 

V, = mv, = (10 kg)(0.30138 m?/kg) = 3.0138 mê v 
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3-40E The total internal energy and enthalpy of water in a container are to be determined. 


Analysis The specific volume is 


V 2f? 


_v = 3 
v= a ie ja 2 ft” /Ibm Water 
100 psia 
At this specific volume and the given pressure, the state is a saturated mixture. 2 fe 


The quality, internal energy, and enthalpy at this state are (Table A-5E) 


V-V; — (2—0.01774) ft? Ibm 


Vg (4.4327-0.01774) ft? /lbm 
u =u p +XU y = 298.19 + (0.4490)(807.29) = 660.7 Btu/Ibm 
h=hy +xhjq =298.51+(0.4490)(888.99) = 697.7 Btu/lbm 


= 0.4490 


> 


The total internal energy and enthalpy are then 


U = mu =(1lbm)(660.7 Btu/lbm) = 660.7 Btu 
H = mh = (1lbm)(697.7 Btu/lbm) = 697.7 Btu 


3-41 The volume of a container that contains water at a specified state is to be determined. 
Analysis The specific volume is determined from steam tables by interpolation to be 


P =100 kPa 


v = 2.4062 m?/kg (Table A - 6) 
T =250°C 


The volume of the container is then 


V = mv =(3kg)(2.4062 m°/kg) = 7.22 m? 
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3-42 A rigid container that is filled with R-134a is heated. The temperature and total enthalpy are to be determined at the 
initial and final states. 


Analysis This is a constant volume process. The specific volume is 


ae _V_ 0.014m* 
1 2? m 10kg 


= 0.0014 m?/kg 


The initial state is determined to be a mixture, and thus the temperature is the 
saturation temperature at the given pressure. From Table A-12 by interpolation 


P 
T,= Tat @ 300 kPa = 0.61°C 
and 2 
v-v .0014—0. 6) m3/k. 
Ge 1 fe (0.0014 —0.0007736) m g -= 0.009321 | 
Vig (0.067978 — 0.0007736) m°/kg 1 


hı = hp +xıh y = 52.67 + (0.009321)(198.13) = 54.52 kJ/kg 


The total enthalpy is then 
H, = mh; =(10kg)(54.52 kJ/kg) = 545.2 kJ 
The final state is also saturated mixture. Repeating the calculations at this state, 


T, =Tyat@600kPa = 21.55°C 


V, =V; (0.0014 —0.0008199) m3/kg 


-2 = 0.01733 
V (0.034295 — 0.008199) m? /kg 


X, = 


hy =h; +x,hy =81.51+(0.01733)(180.90) = 84.64 kJ/kg 


H, = mh, = (10 kg)(84.64 kJ/kg) = 846.4 kJ 
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3-43 A piston-cylinder device that is filled with R-134a is cooled at constant pressure. The final temperature and the change 
of total internal energy are to be determined. 


Analysis The initial specific volume is 


_V 12322m? 
m 100kg 


= 0.12322 m3/kg R-134a 
200 kPa 


1 


100 kg 
12.322 m? 


The initial state is superheated and the internal energy at this state is 


P, = 200 kPa 


3 u; = 263.08 kJ/kg (Table A -13) 
v, =0.12322 m°/kg 


The final specific volume is 


12322 m?/k 
PALO SAUCE yap ea E 
9 2 


This is a constant pressure process. The final state is determined to be saturated 
mixture whose temperature is 


T, = Ti @ 200kPa 7 —10.09°C (Table A = 12) 


The internal energy at the final state is (Table A-12) 


Va =V; — (0.06161 —0.0007533) m*/kg 


—= = 0.6140 
Vig (0.099867 —0.0007533) m3/kg 


X, = 


U, =U f +X3U y = 38.28 + (0.6140)(186.21) = 152.61 kJ/kg 


Hence, the change in the internal energy is 


Au =u, —u, =152.61— 263.08 = -110.47 kJ/kg 
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3-44 A piston-cylinder device fitted with stops contains water at a specified state. Now the water is cooled until a final 
pressure. The process is to be indicated on the T-v diagram and the change in internal energy is to be determined. 


Analysis The process is shown on T-v diagram. The internal 
energy at the initial state is 


P, =300kP 

l aL u, =2728.9 kJ/kg (Table A - 6) 
T, =250°C 
State 2 is saturated vapor at the initial pressure. Then, 


P, =300kPa 
X, =1 (sat. vapor) 


| v, =0.6058m°?/kg (Table A - 5) 


Process 2-3 is a constant-volume process. Thus, 


P, =100 kPa 


=1163.3 kJ/kg (Table A -5 
v a a ot 


The overall change in internal energy is 


Au =u, — u, =2728.9 -1163.3 =1566 kJ/kg 


3-45E The local atmospheric pressure, and thus the boiling temperature, changes with the weather conditions. The change 
in the boiling temperature corresponding to a change of 0.2 in of mercury in atmospheric pressure is to be determined. 


Properties The saturation pressures of water at 200 and 212°F are 11.538 and 14.709 psia, respectively (Table A-4E). One 
in. of mercury is equivalent to 1 inHg = 3.387 kPa = 0.491 psia (inner cover page). 


Analysis A change of 0.2 in of mercury in atmospheric pressure corresponds to 


0.491 psia 


AP =(0.2inH 
( al Tae 


= 0.0982 psia 
P+0.2 inHg 


At about boiling temperature, the change in boiling temperature per | psia change 
in pressure is determined using data at 200 and 212°F to be 
AT (212 — 200)°F 


= — = 3.783 °F/psia 
AP (14.709 — 11.538) psia 


Then the change in saturation (boiling) temperature corresponding to a change of 0.147 psia becomes 


AT poiting = 3.783 °F/psia)AP = (3.783 °F/psia)(0.0982 psia) = 0.37°F 


which is very small. Therefore, the effect of variation of atmospheric pressure on the boiling temperature is negligible. 
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3-46 A person cooks a meal in a pot that is covered with a well-fitting lid, and leaves the food to cool to the room 
temperature. It is to be determined if the lid will open or the pan will move up together with the lid when the person 
attempts to open the pan by lifting the lid up. 


Assumptions 1 The local atmospheric pressure is 1 atm = 101.325 kPa. 2 The weight of the lid is small and thus its effect 
on the boiling pressure and temperature is negligible. 3 No air has leaked into the pan during cooling. 


Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4). 


Analysis Noting that the weight of the lid is negligible, the reaction force F on the lid after cooling at the pan-lid interface 
can be determined from a force balance on the lid in the vertical direction to be 


PA +F = PatmA 
or, 
F = A(Pym — P) =(a@D* /4)(Pam — P) > - Can 
_ 20.3 m? 101,325- 2339.2) Pa i 
= 6997 m?Pa = 6997 N (since | Pa =1 N/m’) Patm = 1 atm 


The weight of the pan and its contents is 
W = mg = (8kg)(9.81 m/s’) = 78.5 N 


which is much less than the reaction force of 6997 N at the pan-lid interface. Therefore, the pan will move up together with 
the lid when the person attempts to open the pan by lifting the lid up. In fact, it looks like the lid will not open even if the 
mass of the pan and its contents is several hundred kg. 


3-47 Water is boiled at 1 atm pressure in a pan placed on an electric burner. The water level drops by 10 cm in 45 min 
during boiling. The rate of heat transfer to the water is to be determined. 


Properties The properties of water at 1 atm and thus at a saturation temperature of Tsa = 100°C are hg = 2256.5 kJ/kg and 
v = 0.001043 m*/kg (Table A-4). 


Analysis The rate of evaporation of water is 


v 2 2 H,O 
He oe (aD*/4)L _ [z(0.25 m)"/4](0.10 m) _ 4.104 kg 2 
Puy vy 0.001043 l atm 


m 
Peay = A = 4704 KS _ 9 001742 ke/s aa 
P At 45x 60s 


Then the rate of heat transfer to water becomes 


Q = Mevapht jy = (0.001742 kg/s)(2256.5 kJ/kg) = 3.93 kW 
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3-48 Water is boiled at a location where the atmospheric pressure is 79.5 kPa in a pan placed on an electric burner. The 
water level drops by 10 cm in 45 min during boiling. The rate of heat transfer to the water is to be determined. 


Properties The properties of water at 79.5 kPa are Tsa = 93.3°C, hf = 2273.9 kJ/kg and w = 0.001038 m°/kg (Table A-5). 


Analysis The rate of evaporation of water is 


v 2 2 H2O 
m, -Vo OD IDL _ [40.25 m)? /AO1OM) 4 77kg A 
P v v 0.001038 79.5 kPa 
m 
m wap ATIKE — 9.00175 1.ka/a 


evap At 45x 608 
Then the rate of heat transfer to water becomes 


Q = fnevaph jg = (0.00175 1 kg/s)(2273.9 kJ/kg) = 3.98 kW 


3-49 Saturated steam at Tsa = 40°C condenses on the outer surface of a cooling tube at a rate of 130 kg/h. The rate of heat 
transfer from the steam to the cooling water is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The condensate leaves the condenser as a saturated liquid at 30°C. 
Properties The properties of water at the saturation temperature of 40°C are hg, = 2406.0 kJ/kg (Table A-4). 


Analysis Noting that 2406.0 kJ of heat is released as 1 kg of saturated 
vapor at 40°C condenses, the rate of heat transfer from the steam to 40°C 
the cooling water in the tube is determined directly from 


Q = Meyaph fg L=35m [D=3om () 
= (130 kg/h)(2406.0 kJ/kg) = 312,780 kJ/h 
= 86.9 kW 
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3-50 The boiling temperature of water in a 5-cm deep pan is given. The boiling temperature in a 40-cm deep pan is to be 
determined. 


Assumptions Both pans are full of water. 
Properties The density of liquid water is approximately p = 1000 kg/m’. 


Analysis The pressure at the bottom of the 5-cm pan is the saturation 
pressure corresponding to the boiling temperature of 98°C: 40 cm 


P = P ngaggo = 9439 kPa (Table A-4) Sih 


The pressure difference between the bottoms of two pans is a a 


1kPa 


AP = pgh = (1000 kg/m? )(9.807 m/s” (0.35 m) ————— 
1000 kg/m-s 


= 3.43 kPa 


Then the pressure at the bottom of the 40-cm deep pan is 
P = 94.39 + 3.43 = 97.82 kPa 
Then the boiling temperature becomes 


Thoiling = L sat@97.82 kPa = 99.0°C (Table A-5) 


3-51 A vertical piston-cylinder device is filled with water and covered with a 20-kg piston that serves as the lid. The 
boiling temperature of water is to be determined. 


Analysis The pressure in the cylinder is determined from a force balance on the piston, 


PA = PimA + W 
or Patm 
P = Piw o 
2 
zpi r eum e e > 
0.01 m 1000 kg/m-s | 
=119.61 kPa Wee 


The boiling temperature is the saturation temperature corresponding to this pressure, 


T =Tyt@119.61 kPa = 104.7°C (Table A-5) 
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3-52 A rigid tank that is filled with saturated liquid-vapor mixture is heated. The temperature at which the liquid in the tank 
is completely vaporized is to be determined, and the T-vdiagram is to be drawn. 


Analysis This is a constant volume process (v= V/m = constant), and 


the specific volume is determined to be 


V 18m? 


m 15kg 


=0.12 m?/kg 


When the liquid is completely vaporized the tank will contain 
saturated vapor only. Thus, 


V =v; =0.12 m/kg 
The temperature at this point is the temperature that corresponds to 
this v value, 


T= =202.9°C (Table A-4) 


tai, =0.12 m/kg 


H,0 
90°C 


3-53 @® A piston-cylinder device contains a saturated liquid-vapor mixture of water at 800 kPa pressure. The mixture is 
heated at constant pressure until the temperature rises to 200°C. The initial temperature, the total mass of water, the final 


volume are to be determined, and the P-v diagram is to be drawn. 


Analysis (a) Initially two phases coexist in equilibrium, thus we have a saturated liquid-vapor mixture. Then the 
temperature in the tank must be the saturation temperature at the specified pressure, 


T= Tsar@o00 kPa = 158.8°C 


(b) The total mass in this case can easily be determined by adding the mass of each phase, 


Ve 0.005 m° 


Vf 0.001101 m*/kg 

V 3 

sda E y kg 
¥, 0.3156 m*/kg 


m, =m, +m; =4.543 + 2.852 = 7.395 kg 


m; = = 4.543 kg 


Mg 


(c) At the final state water is superheated vapor, and its specific volume is 


P, = 600 kPa 


=0.3521 m?/kg (Table A-6 
T, = 200°C i BERS Perey 


Then, 


V, =m,¥> =(7.395 kg)(0.3521 m7/kg) = 2.604 m? 
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EES 
3-54 Problem 3-53 is reconsidered. The effect of pressure on the total mass of water in the tank as the pressure 
varies from 0.1 MPa to 1 MPa is to be investigated. The total mass of water is to be plotted against pressure, and results are 
to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


P[1]=600 [kPa] 

P[2]=P[1] 

T[2]=200 [C] 

V_f1 = 0.005 [m^3] 

V_g1=0.9 [m^3] 

spvsat_f1=volume(Steam_iapws, P=P[1],x=0) "sat. liq. specific volume, m^3/kg" 
spvsat_g1=volume(Steam_iapws,P=P[1],x=1) "sat. vap. specific volume, m^3/kg" 
m_f1=V_f1/spvsat_f1 "sat. liq. mass, kg" 

m_g1=V_g1/spvsat_g1 "sat. vap. mass, kg" 

m_tot=m_f1+m_g1 

V[1]=V_f1+V_g1 

spvol[1]=V[1]/m_tot "specific volume1, m^3" 

T[1]=temperature(Steam_iapws, P=P[1],v=spvol[1])"C" 

"The final volume is calculated from the specific volume at the final T and P" 
spvol[2]=volume(Steam_iapws, P=P[2], T=T[2]) "specific volume2, m^3/kg" 
V[2]=m_tot*spvol[2] 


106 Steamiapws 
P, [kPa] Mo [kg] 105 | 

100 5.324 
200 5.731 | 
300 6.145 
400 6.561 z : 
500 6.978 & °. o, 1 
600 7.395 a P=600 kPa 
700 7.812 10? | 
800 8.23 
900 8.648 10! J 
1000 9.066 

10° 

10°3 10-2 10-71 100 10t 102 
v [m?/kg] 


9.5 


Miot [kg] 
N 


100 200 300 400 500 600 700 800 900 1000 
Pı [kPa] 
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3-55E Superheated water vapor cools at constant volume until the temperature drops to 250°F. At the final state, the 
pressure, the quality, and the enthalpy are to be determined. 


Analysis This is a constant volume process (v= Wm = constant), and the initial specific volume is determined to be 


P, =180 psia 3 
= 3.0433 ft/lb Table A-6E 
T, = 500°F in 5 leet) 
3 3 H20 
At 250°F, 4% = 0.01700 ft'/Ibm and v = 13.816 ft'/lbm. Thus at the 180 psia 


final state, the tank will contain saturated liquid-vapor mixture since 
W< V< V, and the final pressure must be the saturation pressure at 
the final temperature, 


500°F 


P= P t@250°F = 29.84 psia 
T 1 
(b) The quality at the final state is determined from 
v, -=v = 
xf 2—Y%f — 3,0433—0.01700 _ 0.219 
V ig 13.816—0.01700 
2 


(c) The enthalpy at the final state is determined from 
h=h, +xh øg =218.63+0.219x945.41 = 426.0 Btu/Ibm 
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EES 
3-56E Problem 3-55E is reconsidered. The effect of initial pressure on the quality of water at the final state as the 
pressure varies from 100 psi to 300 psi is to be investigated. The quality is to be plotted against initial pressure, and the 
results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


T[1]=500 [F] 

P[1]=180 [psia] 

T[2]=250 [F] 

v[ 1]=volume(steam_iapws, T=T[1],P=P[1]) 
v[2]=v[1] 

P[2]=pressure(steam_iapws, T=T[2],v=v[2]) 
h[2]=enthalpy(steam_iapws,T=T[2],v=v[2]) 
x[2]=quality(steam_iapws, T=T[2],v=v[2]) 


Steam 
100 0.4037 1. 1:1.41,5 Btullbm-R 
122.2 0.3283 
144.4 0.2761 
166.7 0.2378 
188.9 0.2084 
211.1 0.1853 
233.3 0.1665 
255.6 0.151 
277.8 0.1379 
300 0.1268 


3 
v [ft/lb] 


x[2] 


140 180 220 260 300 
P[1] [psia] 
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3-57 The properties of compressed liquid water at a specified state are to be determined using the compressed liquid tables, 
and also by using the saturated liquid approximation, and the results are to be compared. 


Analysis Compressed liquid can be approximated as saturated liquid at the given temperature. Then from Table A-4, 
T=80°C => — VEVp@gorc =0.001029 m*/kg (0.90% error) 


u =U F@gorc = 334.97 kJ/kg (1.35% error) 
h = hy @gorc = 335.02 kJ/kg (4.53% error) 


From compressed liquid table (Table A-7), 


v =0.00102 m3/kg 
u = 330.50 kJ/kg 


P =20 MPa l 
h =350.90 kJ/kg 


The percent errors involved in the saturated liquid approximation are listed above in parentheses. 
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EES 
3-58 Problem 3-57 is reconsidered. Using EES, the indicated properties of compressed liquid are to be determined, 
and they are to be compared to those obtained using the saturated liquid approximation. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
T=80 [C] 
P=20000 [kPa] 


"Analysis" 
Fluid$='steam_iapws' 


"Saturated liquid assumption" 
v_f=volume(Fluid$, T=T, x=0) 
u_f=intenergy(Fluid$, T=T, x=0) 
h_f=enthalpy(Fluid$, T=T, x=0) 


“Compressed liquid treatment" 
v=volume(Fluid$, T=T, P=P) 

u=intenergy(Fluid$, T=T, P=P) 
h=enthalpy(Fluid$, T=T, P=P) 


"Percentage Errors" 

error_v=100*(v_f-v)/v 
error_u=100*(u_f-u)/u 
error_h=100*(h-h_f)/h 


SOLUTION 
error_h=4.527 
error_u=1.351 
error_v=0.8987 
Fluid$='steam_iapws' 
h=350.90 [kJ/kg] 
h_f=335.02 [kJ/kg] 
P=20000 [kPa] 

T=80 [C] 

u=330.50 [kJ/kg] 
u_f=334.97 [kJ/kg] 
v=0.00102 [m*3/kg] 
v_f=0.001029 [m^3/kg] 
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3-59 Superheated steam in a piston-cylinder device is cooled at constant pressure until half of the mass condenses. The final 
temperature and the volume change are to be determined, and the process should be shown on a T-v diagram. 


Analysis (b) At the final state the cylinder contains saturated liquid- 
vapor mixture, and thus the final temperature must be the saturation 
temperature at the final pressure, 


T =Tyaroi mPa =179.88°C (Table A-5) 


(c) The quality at the final state is specified to be x = 0.5. The specific 
volumes at the initial and the final states are 


P, =1.0 MPa 
T, =300°C 


1 
P, =1.0 MPa X 
NS Vy = Up EXW yg 
a = 0.001127 + 0.5x (0.19436 — 0.001127) 
= 0.09775 m*/kg 


| v; =0.25799 m°/kg (Table A-6) 


Thus, 


AV = m(v, —v,) = (0.8 kg)(0.09775 —0.25799)m3/kg = -0.1282 m? 


3-60 The water in a rigid tank is cooled until the vapor starts condensing. The initial pressure in the tank is to be 
determined. 


Analysis This is a constant volume process (v= V/m = constant), and the 


T ,°C 
initial specific volume is equal to the final specific volume that is 1 
Vi =V, = Vg@irgec = 9.79270 m/kg (Table A-4) a | 
H,0 

since the vapor starts condensing at 150°C. Then from = 95:90 
Table A-6, 7 eee || 2 

P; =? 2 

T, =250°C 
P, = 0.30 MPa v 


v, =0.79270 m?/kg 
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3-61 Heat is supplied to a piston-cylinder device that contains water at a specified state. The volume of the tank, the final 
temperature and pressure, and the internal energy change of water are to be determined. 


Properties The saturated liquid properties of water at 200°C are: y = 0.001157 m’/kg and uf = 850.46 kJ/kg (Table A-4). 
Analysis (a) The cylinder initially contains saturated liquid water. The volume of the cylinder at the initial state is 

V, = my, =(1.4kg)(0.001157 m*/kg) = 0.001619 m° 
The volume at the final state is 


V = 4(0.001619) = 0.006476 m? 


Water 
(b) The final state properties are 1.4 kg, 200°C Q 
y sat. liq. 
V 0.0064 
ga ar ORO oN e 
m 1.4kg 
T, = 371.3°C 


P, = 21,367 kPa (Table A-4 or A-5 or EES) 


v, = 0.004626 m? X 
u, = 2201.5 kJ/kg 


x% =l 


(c) The total internal energy change is determined from 


AU = m(u, —u,) = (1.4 kg)(2201.5 - 850.46) kJ/kg = 1892 kJ 


3-62E The error involved in using the enthalpy of water by the incompressible liquid approximation is to be determined. 
Analysis The state of water is compressed liquid. From the steam tables, 


P =1500 psia 


h =376.51Btu/lbm (Table A - 7E) 
T = 400°F 


Based upon the incompressible liquid approximation, 


P =1500 psia 


KLAT | h =h; @ sor =375.04 Btu/lbm (Table A - 4E) 


The error involved is 


Percent Error = U e; x100 = 0.39% 


376.51 


which is quite acceptable in most engineering calculations. 
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3-63 The errors involved in using the specific volume and enthalpy of water by the incompressible liquid approximation are 
to be determined. 


Analysis The state of water is compressed liquid. From the steam tables, 


P=20 a v =0.0010679 m*/kg (Table A -7) 


T=140°C | h=602.07 kJ/kg 
Based upon the incompressible liquid approximation, 


E y = 3 
| V =V f @1aorc = 0.001080 m*/kg (Table A - 4) 


T =140°C h =h‘ @140°c = 589.16 kJ/kg 


The errors involved are 


0.0010679 — 0.001080 <1 
0.0010679 


Percent Error (specific volume) = 00 = -1.13% 


Percent Error (enthalpy) = eee x 100 = 2.14% 


602.07 


which are quite acceptable in most engineering calculations. 


3-64 A piston-cylinder device that is filled with R-134a is heated. The volume change is to be determined. 
Analysis The initial specific volume is 


P, =60 kPa 


v, = 0.33608 m?/kg (Table A -13) 
T, =-20°C 


and the initial volume is 


V, = my, = (0.100 kg)(0.33608 m?/kg) = 0.033608 m? 


At the final state, we have 


P, = 60 KP 
2 a L u, = 0.50410 m3/kg (Table A -13) 4 
T, =100°C 
V, = mv, = (0.100 kg)(0.50410 m?/kg) = 0.050410 m? l 2 
n = mv, = (0.100 kg)(0.50410 m”/kg) = 0.050410 m 
The volume change is then 
AV =V, -V, = 0.050410- 0.033608 = 0.0168 mê v 
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3-65 A rigid vessel is filled with refrigerant-134a. The total volume and the total internal energy are to be determined. 


Properties The properties of R-134a at the given state are (Table A-13). 


R-134a 
2 kg 


P =800 kPa | u =327.87 kJ/kg 
T =120°C v = 0.037625 m°/kg 


Analysis The total volume and internal energy are determined from 800 kPa 


V = mv = (2 kg)(0.037625 m*/kg) = 0.0753 m° E 


U = mu = (2 kg)(327.87 kJ/kg) = 655.7 kJ 


3-66 A rigid vessel contains R-134a at specified temperature. The pressure, total internal energy, and the volume of the 
liquid phase are to be determined. 


Analysis (a) The specific volume of the refrigerant is 


3 
a 20 a ke 
m 10kg 


At -20°C, w= 0.0007362 m*/kg and V = 0.14729 m°/kg (Table A-11). Thus the tank 
contains saturated liquid-vapor mixture since 4 < v< v, , and the pressure must be the 
saturation pressure at the specified temperature, 


P =P gsc = 132.82 kPa 


(b) The quality of the refrigerant-134a and its total internal energy are determined from 


_¥V—UVf _ 0.05—0.0007362 


x= DO 
V fg 0.14729 —0.0007362 


U =u f + XU y = 25.39+0.3361% 193.45 = 90.42 kJ/kg 
U = mu = (10 kg)(90.42 kJ/kg) = 904.2 kJ 


= 0.3361 


(c) The mass of the liquid phase and its volume are determined from 
mp =(1-x)m, = (1-0.3361)x10 = 6.639 kg 
V; = mpu; = (6.639 kg)(0.0007362 m*/kg) = 0.00489 m? 
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EES 
3-67 The Pessure-Enthalpy diagram of R-134a showing some constant-temperature and constant-entropy lines are 


obtained using Property Plot feature of EES. 


R134a 


10° 


10 


108 


P [kPa] 


-100 0 100 200 300 400 500 
h [kJ/kg] 


3-68 A rigid vessel that contains a saturated liquid-vapor mixture is heated until it reaches the critical state. The mass of the 
liquid water and the volume occupied by the liquid at the initial state are to be determined. 


Analysis This is a constant volume process (v= V/m = constant) to the critical state, and thus the initial specific volume 
will be equal to the final specific volume, which is equal to the critical specific volume of water, 


Vi =V, =V,, = 0.003106 m*/kg (last row of Table A-4) 
The total mass is 


v 0.3 m? 


= = = 96.60 kg 
v 0.003106 m?/kg 


At 150°C, w= 0.001091 m’/kg and v, = 0.39248 m°/kg (Table A- 
4). Then the quality of water at the initial state is 


Vı—Vf _ 0.003106 — 0.001091 


Vy 0.39248-0.001091 


= 0.005149 


x, = 


Then the mass of the liquid phase and its volume at the initial state are determined from 
m, =(1—X,)m, = (1—0.005149)(96.60) = 96.10 kg 
V; = mpv; = (96.10 kg)(0.001091 m*/kg) = 0.105 m? 
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Ideal Gas 


3-69C Mass m is simply the amount of matter; molar mass M is the mass of one mole in grams or the mass of one kmol in 
kilograms. These two are related to each other by m = NM, where N is the number of moles. 


3-70C A gas can be treated as an ideal gas when it is at a high temperature or low pressure relative to its critical 
temperature and pressure. 


3-71C R, is the universal gas constant that is the same for all gases whereas R is the specific gas constant that is different 
for different gases. These two are related to each other by R = R,,/ M, where M is the molar mass of the gas. 


3-72C Propane (molar mass = 44.1 kg/kmol) poses a greater fire danger than methane (molar mass = 16 kg/kmol) since 
propane is heavier than air (molar mass = 29 kg/kmol), and it will settle near the floor. Methane, on the other hand, is 
lighter than air and thus it will rise and leak out. 


3-73 The specific volume of nitrogen at a specified state is to be determined. 
Assumptions At specified conditions, nitrogen behaves as an ideal gas. 
Properties The gas constant of nitrogen is R = 0.2968 kJ/kg-K (Table A-1). 
Analysis According to the ideal gas equation of state, 


„ — RT _ (0.2968 kPa. m?/kg - K)(227 +273 K) 


= 0.495 mĉIkg 
P 300 kPa 


3-74E The temperature in a container that is filled with oxygen is to be determined. 
Assumptions At specified conditions, oxygen behaves as an ideal gas. 
Properties The gas constant of oxygen is R = 0.3353 psia-ft’/Ibm-R (Table A-1E). 


Analysis The definition of the specific volume gives 


3 
pee gs ft?/Ibm 
m 2\lbm 


Using the ideal gas equation of state, the temperature is 


_ Pv (80psia)(1.5 ft*/lbm) _ 


: 358R 
R 0.3353 psia- ft? /Ilbm-R 
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3-75 The volume of a container that is filled with helium at a specified state is to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 
Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-1). 


Analysis According to the ideal gas equation of state, 


_ mRT _ (2kg)(2.0769 kPa-m*/kg-K)(27 +273 K) 
P 300 kPa 


V = 4,154 m? 


3-76 A balloon is filled with helium gas. The mole number and the mass of helium in the balloon are to be determined. 


Assumptions At specified conditions, helium behaves as an ideal gas. 


Properties The universal gas constant is R, = 8.314 kPa.m’/kmol.K. The molar mass of helium is 4.0 kg/kmol (Table A-1). 


Analysis The volume of the sphere is 


v -Ía -$4.5 m)? =381.7 m? 


Assuming ideal gas behavior, the mole numbers of He is determined from 


igi PU (200 kPa)(381.7 m°) 


E a ee = 30.61 kmol 
R,T (8.314 kPa -m”/kmol - K)(300 K) 


Then the mass of He can be determined from 


m= NM = (30.61 kmol)(4.0 kg/kmol) = 123 kg 
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EES 


3-35 


3-77 Problem 3-76 is to be reconsidered. The effect of the balloon diameter on the mass of helium contained in the 
balloon is to be determined for the pressures of (a) 100 kPa and (b) 200 kPa as the diameter varies from 5 m to 15 m. The 
mass of helium is to be plotted against the diameter for both cases. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 


P=200 [kPa] 


R_u=8.314 [kJ/kmol-K] 


"Solution" 


P*V=N*R_u*(T+273) 
V=4*pi*(D/2)*3/3 


m=N*MOLARMASS(Helium) 


D [m] m [kg] 

5 21.01 
6.111 38.35 
7.222 63.31 
8.333 97.25 
9.444 141.6 
10.56 197.6 
11.67 266.9 
12.78 350.6 
13.89 450.2 

15 567.2 
P=200 kPa 


600 
Li 
500 "a 
L 
400 p 
E 
300 = a | 
P=200 kPa se 
200 oo Pee : 
Pe 
si " , P=100 kPa 
meg pae 
pa 
— ol 
= 
5 1 13 
D [m] 


15 
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3-78 Two rigid tanks connected by a valve to each other contain air at specified conditions. The volume of the second tank 
and the final equilibrium pressure when the valve is opened are to be determined. 


Assumptions At specified conditions, air behaves as an ideal gas. 
Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). 


Analysis Let's call the first and the second tanks A and B. Treating air as an ideal gas, the volume of the second tank and 
the mass of air in the first tank are determined to be 


3 
y, =| MRT) _ Gke)(0.287 kPa-m’/kgK)308K) _ 9 94 m? A P 
P a 200 kPa 
Air Air 
m, (2%) — (500 KPa)(1.0 m’) 846kg V=1 m mas ke 
RT, X (0.287 kPa - m`/kg - K)(298 K) T=25°C T=35°C 


P = 500 kPa P = 200 kPa 


Thus, 


V =V, +V =1.0+2.21 =3.21 m? 
m = m; + mpg = 5.846 + 5.0 = 10.846 kg 


Then the final equilibrium pressure becomes 


_ mRT, _ (10.846 kg)(0.287 kPa -m3/kg - K)(293 K) 


7 Te = 284.1 kPa 
21m 


P, 


3-79E An elastic tank contains air at a specified state. The volume is doubled at the same pressure. The initial volume and 
the final temperature are to be determined. 


Assumptions At specified conditions, air behaves as an ideal gas. 


Analysis According to the ideal gas equation of state, 


PV =nkR,T 
(32 psia) = (2.3 Ibmol)(10.73 psia - ft*/Ibmol- R)(65+ 460) R 
V = 404.9 ft? 
Y, _T, T, 


>2= >T, =1050 R = 590°F 
V T, (65 +460) R 
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3-80 An ideal gas in a rigid tank is cooled to a final gage pressure. The final temperature is to be determined. 


Assumptions The gas is specified as an ideal gas so that ideal gas relation can be used. 


Analysis According to the ideal gas equation of state at constant volume, 


Since 


Then, 


m; =m; 
PY, PV, 

T T, Ideal gas 

E 1227°C 
V, =V, Pitm = 100 kPa 200 kPa 
(gage) 

PP, 
T, TT 


= 750K =477°C 


(50+100) kPa 


P 
T, =T, = = [(1227+273)K eons 


2 


3-81 One side of a two-sided tank contains an ideal gas while the other side is evacuated. The partition is removed and the 
gas fills the entire tank. The gas is also heated to a final pressure. The final temperature is to be determined. 


Assumptions The gas is specified as an ideal gas so that ideal gas relation can be used. 


Analysis According to the ideal gas equation of state, 


P, =P, 
V, =V; +20, =3Y, 


Applying these, 
my my 
PV _ PV, 

T, T, 

Y4_Y 

T 7 T, 

V 3V 

T, =T, T T, or 3T, = 3[927 + 273) K] = 3600 K = 3327°C 


Evacuated 
2V, 
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3-82 A piston-cylinder device containing argon undergoes an isothermal process. The final pressure is to be determined. 
Assumptions At specified conditions, argon behaves as an ideal gas. 


Properties The gas constant of argon is R = 0.2081 kJ/kg-K (Table A-1). 


Analysis Since the temperature remains constant, the ideal gas equation gives 


> PV = PV, 


PELA _ PWV 
RT RT 


which when solved for final pressure becomes 


v 
P, =P =P — 
Vv, | 2Y, 


0.5P, = 0.5(550 kPa) = 275 kPa 


3-83 An automobile tire is inflated with air. The pressure rise of air in the tire when the tire is heated and the amount of air 
that must be bled off to reduce the temperature to the original value are to be determined. 


Assumptions 1 At specified conditions, air behaves as an ideal gas. 2 The volume of the tire remains constant. 
Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). 
Analysis Initially, the absolute pressure in the tire is 


P, = P, + Pry = 210+100 = 310kPa mre 
wee 25°C 
Treating air as an ideal gas and assuming the volume of the tire to 
remain constant, the final pressure in the tire can be determined from 
Dia > P, =p = 277 B gio kPa) = 336 kPa 
i. T, | 298K 


Thus the pressure rise is 


AP = P, — P = 336-310 = 26 kPa 


The amount of air that needs to be bled off to restore pressure to its original value is 


3 
m, = PV _ - Eee 0.0906 kg 
RT, (0.287 kPa - m3/kg-K)(298 K) 
3 
CBV GIO KPAN(0.025 m*) = 9 0936 kg 


m 
? RT, (0.287 kPa-m°/kg-K)(323 K) 


Am = m; —m, = 0.0906 — 0.0836 = 0.0070 kg 
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Compressibility Factor 


3-84C It represent the deviation from ideal gas behavior. The further away it is from 1, the more the gas deviates from 
ideal gas behavior. 


3-85C All gases have the same compressibility factor Z at the same reduced temperature and pressure. 


3-86C Reduced pressure is the pressure normalized with respect to the critical pressure; and reduced temperature is the 
temperature normalized with respect to the critical temperature. 


3-87 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 
R= 0.4615 kPa-m’/kgK, Tor = 647.1 K, Pa = 22.06 MPa 
Analysis (a) From the ideal gas equation of state, 


y- RT _ (0.4615 kPa -m3/kg-K)(623.15 K) 


=0.01917 m*/kg (67.0% error) 
P 15,000 kPa 


(b) From the compressibility chart (Fig. A-15), 
P 10 MPa 


pees = 0.453 
P, 22.06 MPa 
T 673K Ao 
EE =1.04 
T, 6471K 


Thus, 
v = ZV aoa = (0.65)(0.01917 m?/kg) = 0.01246 m?/kg (8.5% error) 
(c) From the superheated steam table (Table A-6), 


a | v =0.01148 m3/kg 
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> 
3-88 Problem 3-87 is reconsidered. The problem is to be solved using the general compressibility factor feature of 
EES (or other) software. The specific volume of water for the three cases at 15 MPa over the temperature range of 350°C to 
600°C in 25°C intervals is to be compared, and the % error involved in the ideal gas approximation is to be plotted against 
temperature. 


Analysis The problem is solved using EES, and the solution is given below. 


P=15 [MPa]*Convert(MPa,kPa) 

{T_Celsius= 350 [C]} 

T=T_Celsius+273 "[K]" 

T_critical=T_CRIT(Steam_iapws) 
P_critical=P_CRIT(Steam_iapws) 

{v=Vol/m} 

P_table=P; P_comp=P;P_idealgas=P 

T_table=T; T_comp=T;T_idealgas=T 
v_table=volume(Steam_iapws,P=P_table, T=T_table) "EES data for steam as a real gas" 
{P_table=pressure(Steam_iapws, T=T_table,v=v)} 
{T_sat=temperature(Steam_iapws,P=P_table,v=v)} 
MM=MOLARMASS (water) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/MM "[kJ/kg-K], Particular gas constant" 
P_idealgas*v_idealgas=R*T_idealgas "Ideal gas equation" 

z = COMPRESS(T_comp/T_critical,P_comp/P_critical) 
P_comp*v_comp=z*R*T_comp "generalized Compressibility factor" 
Error_idealgas=Abs(v_table-v_idealgas)/v_table*Convert(, %) 
Error_comp=Abs(v_table-v_comp)/v_table*Convert(, %) 


Errofcomp [%] ErrOfigeat gas [%] Tceicius [C] 
9.447 67.22 350 
2.725 43.53 375 

0.4344 32.21 400 
0.5995 25.23 425 
1.101 20.44 450 
1.337 16.92 475 
1.428 14.22 500 
1.437 12.1 525 
1.397 10.39 550 
1.329 8.976 575 
1.245 7.802 600 


—o— Ideal Gas 


—t+ Compressibility Factor 


Steam at 15 MPa 


Specific Volume 
Percent Error [%] 


300 350 400 450 500 550 600 
Tce Isius [C] 
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3-89 The specific volume of R-134a is to be determined using the ideal gas relation, the compressibility chart, and the R- 
134a tables. The errors involved in the first two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of refrigerant-134a are, from Table A-1, 
R= 0.08149 kPa‘m*/kg:K, Tor = 374.2 K, Pa = 4.059 MPa 
Analysis (a) From the ideal gas equation of state, 


„RT _ (0.08149 kPa -m°/kg -K)(343 K) 


=0.03105 m?/kg (13.3% error) 
P 900 kPa 


(b) From the compressibility chart (Fig. A-15), 
P 0.9 MPa 


Pp = — = ———_ = 0.222 

P, 4.059 MPa 

E 343K Z = 0.894 
Tp =—= =0.917 

Tao 374.2K 


Thus, 
v = ZV;gca] = (0.894)(0.03105 m°/kg) = 0.02776 m3/kg (1.3%error) 


(c) From the superheated refrigerant table (Table A-13), 


P=0.9 MPa |y _ 9.927413 mĉikg 


3-90 The specific volume of steam is to be determined using the ideal gas relation, the compressibility chart, and the steam 
tables. The errors involved in the first two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 
R = 0.4615 kPa:m’?/kg'K, Ta = 647.1 K, Pa = 22.06 MPa 
Analysis (a) From the ideal gas equation of state, 


y- RT _ (0.4615 kPa- m3/kg-K)(723 K) 


= 0.09533 mĉ/kg (3.7% error) 
P 3500 kPa 


(b) From the compressibility chart (Fig. A-15), 
P 3.5 MPa 


Pp = = = 0.159 

P, 22.06 MPa 

a DAR Z = 0.961 
Tp =—= =1.12 

T, 647.1K 


Thus, 
v = ZV aoa = (0.961)(0.09533 m3/kg) = 0.09161m?/kg (0.4% error) 


(c) From the superheated steam table (Table A-6), 


P=3.5MPa! y _ 9.09196 m*kg 
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3-91E Ethane in a rigid vessel is heated. The final pressure is to be determined using the compressibility chart. 


Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-1E, 
R= 0.3574 psia-ft’/Ibm:R, To: = 549.8 R, Pa = 708 psia 
Analysis From the compressibility chart at the initial state (Fig. A-15), 


RT“ gsr O" h 

i Z, =0.963 Pre 7 
Pa == P 0.1130 SU psi 

P,, 708 psia 100°F 


The specific volume does not change during the process. Then, 


_ Z,RT, _ (0.963)(0.3574 psia - ft?/Ibm - R)(560 R) 


v =v, - = 2.409 ft? /Ibm 
P 80 psia 
At the final state, 
T 
Tp =—-= 100R. 180 
T,  549.8R 
a Z, =1.0 
TERS V2 actual _ 2.409 1ft°/Ibm Sees 
a RIS (0.3574 psia - ft? /Ibm- R)(549.8 R)/(708 psia) 
Thus, 
Z RT. 0)(0. ia - ft?/Ibm - 
panai: (1.0)(0.3574 psia - ft’ /Ibm - R)(1000 R) - 148 psia 


V> 2.409 ft? /Ibm 
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3-92 Ethylene is heated at constant pressure. The specific volume change of ethylene is to be determined using the 
compressibility chart. 


Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-1, 


R= 0.2964 kPa-m*/kg-K, Tor = 282.4 K, Pa = 5.12 MPa 
Analysis From the compressibility chart at the initial and final states (Fig. A-15), 
T 293K 
Tass PE 4038 
Tą  282.4K 
T Tip Z, =0.56 
Pa == _ =0.977 
P„ 5.12 MPa 
Ethylene 
T. 
ieee ES 165 5 MPa Q 
Ty, 282.4KR Z, = 0.961 20°C 


Pp = Ppi = 0.977 


The specific volume change is 
R 
Av= pron -Z T) 


0.2964 kPa -m°?°/kg-K 
Z 0.961)(473 K) — (0.56)(293 K 
DF: [(0.961)(473 K) - (0.56)(293 K)] 


= 0.0172 m?/kg 
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3-93 Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas equation, the 


compressibility charts, and the steam tables. 
Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 
R= 0.4615 kPa-m’/kgK, Tor = 647.1 K, Par = 22.06 MPa 


Analysis (a) From the ideal gas equation, 


T, =T, 2 = (350 +273 K)(2) = 1246 K 
1 


(b) The pressure of the steam is 


Water 
P, = Py = P.xa@ssrc = 16,529 kPa 350°C Q 
From the compressibility chart at the initial state (Fig. A-15), Aa i 
T 
Tg =—-= Ee 0.963 
Tą  647.1KR 
To AEON Z, =0.593, vp, =0.75 
Pp; =—-=— * =0.749 
P„ 22.06 MPa 
At the final state, 
Pps = Pp, = 0.749 
ee Z, = 0.88 
Vea = 2Vp, = 2(0.75) = 1.50 


Thus, 


Pv, P, VpeTa _ 16,529 kPa (1.50)(647.1 K) 
Z,R Z, P 0.88 22,060 kPa 


cr 


; =826K 


(c) From the superheated steam table, 


T, =350°C 


i | vı = 0.008806 m°/kg (Table A-4) 
X = 


P, =16,529 kPa 


3 T, =477°C=750K — (from Table A-6 or EES) 
v, =2v, =0.01761m`/kg 


3-44 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


3-45 


3-94E Water vapor is heated at constant pressure. The final temperature is to be determined using ideal gas equation, the 


compressibility charts, and the steam tables. 
Properties The critical pressure and the critical temperature of water are, from Table A-1E, 
R= 0.5956 psia-ft’/Ibm:R, To: = 1164.8 R, Pa = 3200 psia 
Analysis (a) From the ideal gas equation, 
T, =T, > = (400 +460 R)(2)=1720R 
vi 


(b) The properties of steam are (Table A-4E) 


Water 


P, = P, = Pyr@sooer = 247.26 psia 400°F Q 
3 sat. vapor 
Vi =V,@aoorr = 1-8639 ft” /lbm 
v, =2u, =3.7278 ft? /lbm 
At the final state, from the compressibility chart (Fig. A-15), 
P, 247.26 psi 
paani PSA L 0,0773 
P,, 3200 psia 
3 Z, = 0.985 
yo Y> actual _ 3.7278 ft” /lbm -1719 
i RT,,/P., (0.5956 psia - ft*/Ibm - R)(1164.8 R)/(3200 psia) l 
Thus, 
P 26 psia)(3. : 
TE 2V3 — (247.26 psia)(3 E 3 /Ibm) -1571R 
ZR  (0.985)(0.5956 psia - ft” /Ibm- R) 
(c) From the superheated steam table, 
P, =247.26 psia 
3 T, =1100°F =1560 R (from Table A-6E or EES) 
v, =3.7278 ft” /lbm 
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3-95 Methane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 


Properties The gas constant, the critical pressure, and the critical temperature of methane are, from Table A-1, 
R= 0.5182 kPa-m’/kg K, Tor = 191.1 K, Pa = 4.64 MPa 


Analysis From the ideal gas equation, 


T, =T, 7 = (300 K)(1.5) = 450 K 
1 


From the compressibility chart at the initial state (Fig. A-15), 


T 00K Methane Q 
Tri A Bik OA w 
; K 
= ee Z, =0.88, Vp =0.80 
Pp, = — 2 =1.724 
P. 4.64MPa 


cr 


At the final state, 


Pp = Pp, = 1.724 


| Z, =0.975 
Vp =1.5Vp] =1.5(0.80)=1.2 


Thus, 


T Pv, P, VRoT or 8000 kPa 0.2091.1K) _ 406K 
? ZR Z, P 0.975 4640 kPa 


cr 


Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 


3-96 The percent error involved in treating CO; at a specified state as an ideal gas is to be determined. 
Properties The critical pressure, and the critical temperature of CO, are, from Table A-1, 


T,, = 304.2K and P, = 7.39MPa 


Analysis From the compressibility chart (Fig. A-15), 


CO, 
P= 5 A ae 
T 298 K E ae 
Tg =— = ~ =0.980 
T, 3042K 


Then the error involved in treating CO, as an ideal gas is 


V — Videal L y+ _ -0.44.9 or 44.9% 
Z 0.69 


Error 
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3-97 CO, gas flows through a pipe. The volume flow rate and the density at the inlet and the volume flow rate at the exit of 
the pipe are to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of CO, are (Table A-1) 


R=0.1889 kPa-m’/kg-K, Tor = 304.2 K, Pa = 7.39 MPa 
Analysis 
3 MPa 
500 K co, ——-> 450 K 
2 kg/s 


(a) From the ideal gas equation of state, 


y - RT, _ 2ke/s)(0.1889 kPa -m°/kg- K)(500 K) 
1 p (3000 kPa) 


=0.06297 mĉ/kg (2.1% error) 


p= Esa ee =31.76 kgim? (2.1% error) 
RT, (0.1889 kPa - m3/kg - K)(500 K) 

UV, = mRT, _ (2kg/s)(0.1889 kPa-m?/kg-K)(450 K) 
2 dB (3000 kPa) 


= 0.05667 mĉ?/kg (3.6% error) 


(b) From the compressibility chart (EES function for compressibility factor is used) 
P 3 MPa 


PR =— = = 0.407 
P, 7.39 MPa 
o Z, =0.9791 
Tp; =—-= = 1.64 
BO Ty 3042K 
pot ME a 
P, 7.39 MPa 
P Z, = 0.9656 
Tyg =e =1.48 
* Tay 304.2 K 
~. ZRT, ; -m/kg- 
Thus, 4 = ZUMRT _ (0.9791)(2 kg/s)(0.1889 kPa -m*/kg-K)(500 K) _ 0.06165 m? Ikg 
P (3000 kPa) 
P 3000 kPa 
p 1 ( ) 


= z : = 32.44 kgim? 
Z,RT, (0.9791)(0.1889 kPa - m3/kg - K)(500 K) 

ý, - Z2RT, _ (0.9656)(2 kg/s)(0.1889 kPa-m?/kg-K)(450 K) 
paar AP Ae ca cata Aaa 


= 0.05472 m?/kg 
P, (3000 kPa) 
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3-98 The specific volume of nitrogen gas is to be determined using the ideal gas relation and the compressibility chart. The 
errors involved in these two approaches are also to be determined. 


Properties The gas constant, the critical pressure, and the critical temperature of nitrogen are, from Table A-1, 
R = 0.2968 kPa-m’/kg-K, Tor = 126.2 K, Pa = 3.39 MPa 


Analysis (a) From the ideal gas equation of state, 


y — RT _ (0.2968 kPa -m3/kg-K)(150 K) 


= 0.004452m7/kg (86.4% error) 
P 10,000 kPa 


(b) From the compressibility chart (Fig. A-15), 


E ee Sou Te i 
T 150K i ors piece 

Tp =——= =1.19 150K 
T, 126.2K 


cr 
Thus, 
v = ZV json = (0.54)(0.004452 m3/kg) = 0.002404m7/kg (0.7% error) 
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Other Equations of State 


3-99C The constant a represents the increase in pressure as a result of intermolecular forces; the constant b represents the 
volume occupied by the molecules. They are determined from the requirement that the critical isotherm has an inflection 
point at the critical point. 


3-100 Carbon monoxide is heated in a piston-cylinder device. The final volume of the carbon monoxide is to be determined 
using the ideal gas equation and the Benedict-Webb-Rubin equation of state. 


Properties The gas constant and molar mass of CO are (Table A-1) 
R = 0.2968 kPa‘m’/kg-K, M = 28.011 kg/kmol 


Analysis (a) From the ideal gas equation of state, 


CO 


_ mRT, _ (0.100kg)(0.2968 kPa -m*/kg - K)(773 K) 1000 kPa 


V. = 0.02294 më s 
2 P 1000 kPa 200°C 


(b) Using the coefficients of Table 3-4 for carbon dioxide and the given data, the 
Benedict-Webb-Rubin equation of state for state 2 is 


T: C) 1 bRT, -a aa c = 
p-R[ aay, A | + Rb +t [Ae vy/0°) 


2 |=2 3 
T; Jv V v vT 


1000 = 


(8.314)(773) z 
v 
3.71x0.000135 1.054x10° 0.0060 
$ —6 Tea 2 -2 
v v- (713) 7 


5 — 
foostssnsarsurm oe a pee 3.71 
VU VU 


Jex 0.0060/ 7°) 


The solution of this equation by an equation solver such as EES gives 
U, =6.460 m*/kmol 
Then, 


V, _ 6.460 m?/kmol 
M 28.011kg/kmol 


V, = mv, = (0.100 kg)(0.2306 m*/kg) = 0.02306 mê 


v, = 0.2306 m*/kg 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


3-50 


3-101 Methane is heated in a rigid container. The final pressure of the methane is to be determined using the ideal gas 
equation and the Benedict-Webb-Rubin equation of state. 


Analysis (a) From the ideal gas equation of state, 


T. 
P, = P, 2 = (80 kPa) =~ -156.5 kPa Methane 
Tı 293K ee ¢ 
(b) The specific molar volume of the methane is 20°C 


R,T, (8. -m° - 
ee 1 _ (8.314kPa-m°/kmol-K)(293 K) = 30.45 m3/kmol 
P, 80 kPa 


Using the coefficients of Table 3-4 for methane and the given data, the Benedict-Webb-Rubin equation of state for state 2 
gives 


R,T, Co) 1 bRTI-a aa c y =) 
pawl pep oA -4 So PR At Ey Et Jen “lB 
2 A l oR, 2 A a)i y y6 VT ae pC y ) 
6 = 
_ 8314673 | 0,04260x8.314%573~187.91- 228610 1 „+ 0003380x8.314x573 5.00 
30.45 573 30.45 30.45 


5.00x1.244x104 — 2.578x10° 0.0060 
E 6 + 3 2 2 
30.45 30.45°(573) 30.45 
=156.5kPa 


Jex 0.0060/ 30.45") 
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3-102E Carbon monoxide is heated in a rigid container. The final pressure of the CO is to be determined using the ideal gas 
equation and the Benedict-Webb-Rubin equation of state. 


Properties The gas constant and molar mass of CO are (Table A-1) 
R = 0.2968 kPa-m’/kg-K, M = 28.011 kg/kmol 


Analysis (a) From the ideal gas equation of state, Co 
P oe 14.7 psia Q 
P, = P = (14.7 psia = 34.95 psia 70°F 
| T, (14.7 psia) 330R p 


(b) The specific molar volume of the CO in SI units is 


_ R,T, _ (8.314kPa-m*/kmol-K)(294K) 


v =v, = 24.20 m?/kmol 
P, 101 kPa 


Using the coefficients of Table 3-4 for CO and the given data, the Benedict-Webb-Rubin equation of state for state 2 gives 


R,T, Cy) 1 bRT,-a_ aa c y =) 
P, == +| B,R T. 0 + DE pee [1s Jex /0 
2 A í oR, 2 A a) z7? FE a or 7? p( y ) 


_ (8319000 | 
24.20 


5 panny 
0.05454x8.314x700—135.87 A LN 1 : gee 3.71 
700 24.20 24.20 


3.71x1.350x10* 1.054x105 0.0060 
+ 6 + 2 2 
24.20 24.20 (700) 24.20 
=240.8kPa 


Jex 0.0060/ 24.207) 


The pressure in English unit is 


l psia 


P, = (240.8 kPa) —+——— 
6.8948 kPa 


) = 34.92 psia 
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3-103E The temperature of R-134a in a tank at a specified state is to be determined using the ideal gas relation, the van der 


Waals equation, and the refrigerant tables. 
Properties The gas constant, critical pressure, and critical temperature of R-134a are (Table A-1E) 
R= 0.1052 psia ft’/lbm:R, Tor = 673.6 R, Pa = 588. 7 psia 


Analysis (a) From the ideal gas equation of state, 


. 3 
7 — PY _ (160 psia)(0.3479 ft"/lbm) _ -29 R 
R 0.1052 psia - ft?/lbm - R 


(b) The van der Waals constants for the refrigerant are determined from 


p) 3 2 2 
cE cos sO TOs ie ADE TO OBS 25 coin D 


64P., (64)(588.7 psia) 
+ 3 
a RT, _ (0.1052 psia - ft" /Ibm HOLS R) 0.0150 ft?/lbm 
8P.,. 8 x 588.7 psia 


Then, 


T= (P+ z \o b)= jee (0.3479 —0.0150)=600 R 
RU v’ 0.1052 (0.3479)? 


(c) From the superheated refrigerant table (Table A-13E), 


P =160 psia 


v =0.3479 ft?/Ibm \r e 
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3-104 D The pressure of nitrogen in a tank at a specified state is to be determined using the ideal gas relation and the 
Beattie-Bridgeman equation. The error involved in each case is to be determined. 


Properties The gas constant and molar mass of nitrogen are (Table A-1) 
R= 0.2968 kPa‘m’/kg-K and M = 28.013 kg/kmol No 
Analysis (a) From the ideal gas equation of state, 0.041884 m*/kg 


150K 


_ RT _ (0.2968 kPa-m*/kg- K)(150 K) 


P 
v 0.041884 m*/kg 


= 1063 kPa (6.3% error) 


(b) The constants in the Beattie-Bridgeman equation are 


As Alia" | 1960915 12 8 sa 
v 1.1733 
-0.00691 

papiet legoi = a0 
v 1.1733 


c=42x104m?> -K?/kmol 
since 
v = Mv = (28.013 kg/kmol)(0.041884 m?/kg) =1.1733 m?/kmol. 


Substituting, 
4 
pA c lore) A ¿42x10 - (1-1733 + 0.05076)- pas 
v oT v (1.1733) 1.1733 x 150 (1.1733) 
=1000.4 kPa (negligible error) 
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EES 
3-105 Problem 3-104 is reconsidered. Using EES (or other) software, the pressure results of the ideal gas and 
Beattie-Bridgeman equations with nitrogen data supplied by EES are to be compared. The temperature is to be plotted 
versus specific volume for a pressure of 1000 kPa with respect to the saturated liquid and saturated vapor lines of nitrogen 
over the range of 110 K< T< 150K. 


Analysis The problem is solved using EES, and the solution is given below. 


Function BeattBridg(T,v,M,R_u) 

v_bar=v*M "Conversion from m^3/kg to m^3/kmol" 

"The constants for the Beattie-Bridgeman equation of state are found in text" 
Ao=136.2315; aa=0.02617; Bo=0.05046; bb=-0.00691; cc=4.20*1E4 
B=Bo*(1-bb/v_bar) 

A=Ao*(1-aa/v_bar) 

"The Beattie-Bridgeman equation of state is" 
BeattBridg:=R_u*T/(v_bar**2)*(1-cc/(v_bar*T**3))*(v_bar+B)-A/v_bar**2 
End 


T=150 [K] 

v=0.041884 [m^3/kg] 

P_exper=1000 [kPa] 

T_table=T; T_BB=T;T_idealgas=T 
P_table=PRESSURE(Nitrogen,T=T_table,v=v) "EES data for nitrogen as a real gas" 
{T_table=temperature(Nitrogen, P=P_table,v=v)} 

M=MOLARMASS (Nitrogen) 

R_u=8.314 [kJ/kmol-K] "Universal gas constant" 

R=R_u/M "Particular gas constant" 

P_idealgas=R*T_idealgas/v "Ideal gas equation" 
P_BB=BeattBridg(T_BB,v,M,R_u) "Beattie-Bridgeman equation of state Function" 


Pep [kPa] Prable [kPa] Pidealgas [kPa] V [m3/kg] Teg [K] Tigeal gas [K] Ttable [k] 
1000 1000 1000 0.01 91.23 33.69 103.8 
1000 1000 1000 0.02 95.52 67.39 103.8 
1000 1000 1000 0.025 105 84.23 106.1 
1000 1000 1000 0.03 116.8 101.1 117.2 
1000 1000 1000 0.035 130.1 117.9 130.1 
1000 1000 1000 0.04 144.4 134.8 144.3 
1000 1000 1000 0.05 174.6 168.5 174.5 


Nitrogen, T vs v for P=1000 kPa 
T 


—> Ideal Gas 


160 


g —o> Beattie-Bridgeman 


140 
e EES Table Value 


130 


120 


T[K] 


1 
10°3 10°2 102 
v [m?/kg] 
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3-106 Carbon dioxide is compressed in a piston-cylinder device in a polytropic process. The final temperature is to be 
determined using the ideal gas and van der Waals equations. 


Properties The gas constant, molar mass, critical pressure, and critical temperature of carbon dioxide are (Table A-1) 
R=0.1889 kPam’/kg-K, M= 44.01 kg/kmol, Tor = 304.2 K, Py = 7.39 MPa 
Analysis (a) The specific volume at the initial state is 


RT, _ (0.1889 kPa-m*/kg-K)(473 K) 


= 0.08935 m7/kg 
P, 1000 kPa 


Yv = 


According to process specification, 


1000 kPa 
3000 kPa 


l/n 
P 
v, =, (z = (0.08935 m" ike 


1/1.2 
= 0.03577 m? /kg 
2 


The final temperature is then 


r, — Pave _ (3000 kPa)(0.03577 m3/kg) 


: k =568K 
R 0.1889 kPa-m3/kg-K 


(b) The van der Waals constants for carbon dioxide are determined from 


27R°T2 : -m?/kg-K)? (304.2 K)? 
sis ce _ 27(0.1889 kPa m°/kg K) G042K)? _ 9 1995 m6. kPalkg? 


64P., (64)(7390 kPa) 
RT 1 kPa-m?/ke-K 4.2K 
p- Bler _ (0.1889 kPa: m /kg:K)G04.2K) 00009720 m3/kg 
3P 8x 7390 kPa 


cr 


Applying the van der Waals equation to the initial state, 


G Shem = RT 
Vv 


0.1885 


v? 


(1000 4 \e ~ 00009720) = (0.1889)(473) 


Solving this equation by trial-error or by EES gives 
v; = 0.08821 m*/kg 


According to process specification, 


1/n 1/1.2 

P, 1000 kP 

v = „(2 = (008821 mp OPE ) = 0.03531 m°/kg 
2 a 


Applying the van der Waals equation to the final state, 


G Shem =RT 
yY 


(3000 + L Jooss 1—0.0009720) = (0.1889)T 
0.03531 


Solving for the final temperature gives 


T, =573K 
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3-56 


Special Topic: Vapor Pressure and Phase Equilibrium 


3-107 A glass of water is left in a room. The vapor pressures at the free surface of the water and in the room far from the 
glass are to be determined. 


Assumptions The water in the glass is at a uniform temperature. 
Properties The saturation pressure of water is 2.339 kPa at 20°C, and 1.706 kPa at 15°C (Table A-4). 


Analysis The vapor pressure at the water surface is the saturation pressure of water at the 
water temperature, 


P,, water surface ~ + sat@Tyaer Sat@15°C — 1.706 kPa 
Noting that the air in the room is not saturated, the vapor pressure in the room far from the 15°C 


glass is 


P, air = Pana, = Pawar =(0.4)(2.339 kPa) = 0.936 kPa 


3-108 The vapor pressure in the air at the beach when the air temperature is 30°C is claimed to be 5.2 kPa. The validity of 
this claim is to be evaluated. 


Properties The saturation pressure of water at 30°C is 4.247 kPa (Table A-4). 30°C 


Analysis The maximum vapor pressure in the air is the saturation pressure of water 
at the given temperature, which is 


= P. u@oc = 4.247 kPa 


WATER 
P, max 7 PaT, 


ir 


which is less than the claimed value of 5.2 kPa. Therefore, the claim is false. 


3-109 The temperature and relative humidity of air over a swimming pool are given. The water temperature of the 
swimming pool when phase equilibrium conditions are established is to be determined. 


Assumptions The temperature and relative humidity of air over the pool remain constant. 


Properties The saturation pressure of water at 20°C is 2.339 kPa (Table A-4). 


Analysis The vapor pressure of air over the swimming pool is Pam, 20°C 


P, air = Parar, = Parac = (0-4)(2.339 kPa) = 0.9357 kPa 


POOL 
Phase equilibrium will be established when the vapor pressure at the water surface 


equals the vapor pressure of air far from the surface. Therefore, 


P = P, ai, = 0.9357 kPa ? 


v, water surface 
Z = = o 
and T water —+sat@P, 7 Tat @0.9357 kPa 7 6.0°C 


Discussion Note that the water temperature drops to 6.0°C in an environment at 20°C when phase equilibrium is 
established. 
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3-110 A person buys a supposedly cold drink in a hot and humid summer day, yet no condensation occurs on the drink. The 
claim that the temperature of the drink is below 10°C is to be evaluated. 


Properties The saturation pressure of water at 35°C is 5.629 kPa (Table A-4). 
Analysis The vapor pressure of air is 


P, air = Pax @r,, = PPaaarsec = (0.7)(5.629 kPa) = 3.940 kPa 


35°C 
70% 


The saturation temperature corresponding to this pressure (called the dew-point 
temperature) is 


Ta = Taar, = = Tna. 940 kPa 7 =28.7°C 


That is, the vapor in the air will condense at temperatures below 28.7°C. Noting that no condensation is observed on the 
can, the claim that the drink is at 10°C is false. 


3-111E A thermos bottle half-filled with water is left open to air in a room at a specified temperature and pressure. The 
temperature of water when phase equilibrium is established is to be determined. 


Assumptions The temperature and relative humidity of air over the bottle remain constant. 
Properties The saturation pressure of water at 70°F is 0.3633 psia (Table A-4E). 


Analysis The vapor pressure of air in the room is 


Thermos 
P, air = aar, = Parar = (0.35)(0.3633 psia) = 0.1272 psia bottle 
Phase equilibrium will be established when the vapor pressure at the water surface 
equals the vapor pressure of air far from the surface. Therefore, 70°F 
P,, water surface — Py; air 7 =0.1272 psia 35% 


and 
T water = sat@ P, =T, sat @ 0.1272 psia 7 =41.1°F 


Discussion Note that the water temperature drops to 41°F in an environment at 70°F when phase equilibrium is established. 


3-112 Two rooms are identical except that they are maintained at different temperatures and relative humidities. The room 
that contains more moisture is to be determined. 


Properties The saturation pressure of water is 2.339 kPa at 20°C, and 3.17 kPa at 25°C (Table A-4). 
Analysis The vapor pressures in the two rooms are 

Room 1: Pa = Parar, = Paas =(0.4)8.17 kPa) =1.27 kPa 

Room 2: Py =%Pinar, =2Psa@z0c = (0.55)(2.339 kPa) =1.29 kPa 


Therefore, room 1 at 30°C and 40% relative humidity contains more moisture. 
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Review Problems 


3-113 Nitrogen gas in a rigid tank is heated to a final gage pressure. The final temperature is to be determined. 
Assumptions At specified conditions, nitrogen behaves as an ideal gas. 


Analysis According to the ideal gas equation of state at constant volume, 


m; =m, 
PY, = PV, Nitrogen gas 
227° 
1 z Pam = 100 kPa 1 ae Q 
Since V =V, aes. 
P, _ P, 
T, T 


=875 K = 602°C 


P 250 +100) kP 
Ty =, £2 = (227+ 273) K] Ot) kPa 
P, (100 +100) kPa 


3-114 Carbon dioxide flows through a pipe at a given state. The volume and mass flow rates and the density of CO; at the 
given state and the volume flow rate at the exit of the pipe are to be determined. 


Analysis 


3 MPa 
500 K CQO > 450K 


0.4 kmol/s 


(a) The volume and mass flow rates may be determined from ideal gas relation as 


. NR,T : m’? ! 
pa Muia (0.4 kmol/s)(8.314 kPa.m*/kmol.K)(500 K) _ 0.5543 m2/s 
P 3000 kPa 
} 3 
À PU ees /S8) -17.60 kg/s 
RT, (0.1889 kPa.m°/kg.K)(500 K) 
The density is 
pp ne AE = S) 31.76 kgim? 
Vi (0.5543 m”/s) 
(b) The volume flow rate at the exit is 
: 3 
, _NR,T, _ (0.4kmol/s)(8.314 kPa.m~/kmol.K)(450 K) _ 0.4988 mĉls 


v 
2? P 3000 kPa 
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3-115 The cylinder conditions before the heat addition process is specified. The pressure after the heat addition process is 
to be determined. 


Assumptions 1 The contents of cylinder are approximated by the air properties. Combustion 
2 Air is an ideal gas. chamber 
Analysis The final pressure may be determined from the ideal gas relation ae 
T. 
p, =12 p =| 1600 + 273K |1400 kPa) = 3627 kPa 
T; 450 +273K 


3-116 The cylinder conditions before the heat addition process is specified. The temperature after the heat addition process 
is to be determined. 


Assumptions 1 The contents of cylinder is approximated by the air 
properties. 2 Air is an ideal gas. 


Combustion 
Analysis The ratio of the initial to the final mass is chamber 
950 K 
m AF 22 22 75 cm? 


m AF+1 22+1 23 


The final temperature may be determined from ideal gas relation 


3 
7, =m Mp -(2) 150 cm” \(950 K) = 1817 K 
m, V 23 \ 75cm? 


3-117 A rigid container that is filled with R-13a is heated. The initial pressure and the final temperature are to be 
determined. 


Analysis The initial specific volume is 0.090 m’/kg. Using this with 
the initial temperature reveals that the initial state is a mixture. The 
initial pressure is then the saturation pressure, 


T, =-40°C 
3 P, = P, 
v, =0.090 m°/kg 


a@-aoc = 51.25 kPa (Table A -11) 


This is a constant volume cooling process (v= V/m = constant). The final 
state is superheated vapor and the final temperature is then 2 


P, = 280 kPa 


3 T, =50°C (Table A -13) 
v, =v; = 0.090 m°/kg 
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3-118E A piston-cylinder device that is filled with water is cooled. The final pressure and volume of the water are to be 
determined. 


Analysis The initial specific volume is 


_V, _ 2.649 ft? 
m 1lbm 


= 2.649 ft3/lbm 


1 


This is a constant-pressure process. The initial state is determined to be 
superheated vapor and thus the pressure is determined to be 


T, = 400°F : 

3 P, = P, = 180 psia (Table A - 6E) 
Vv, = 2.649 ft” /Ibm 
The saturation temperature at 180 psia is 373.1°F. Since the final 
temperature is less than this temperature, the final state is compressed 
liquid. Using the incompressible liquid approximation, 


2 1 


V, =V r @iw°f = 0.01613 ft?/lbm (Table A -4E) 


The final volume is then 


V, = mv, = (11bm)(0.01613 ft°/lbm) = 0.01613 ft? 


3-119 The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 
Assumptions At specified conditions, helium behaves as an ideal gas. 
Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-1). P2A2 


Analysis Since the water vapor in chamber 2 is condensing, the pressure in 
this chamber is the saturation pressure, 


P, = Prat @ 200°C = 1555 kPa (Table A-4) 
Summing the forces acting on the piston in the vertical direction gives 


2 2 

A D 

P, =P, =P,|— | =(1555 Kral $) = 248.8 kPa 
A D, 10 


According to the ideal gas equation of state, 


_ mRT _ (1kg)(2.0769 kPa-m?/kg-K)(200+ 273 K) 
P, 248.8 kPa 


A =3.95 m? 
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3-120E The volume of chamber 1 of the two-piston cylinder shown in the figure is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft’/lbm-R (Table A-1E). 

Analysis Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 


P, = Px @120°p = 186.0 psia (Table A-11E) 


Fə 


Summing the forces acting on the piston in the vertical direction gives 
F, +F; =F, 
P,A, +P; (A; — Ay) = PA; 
which when solved for P; gives 


A A> 
A A, 


since the areas of the piston faces are given by A= 2D? /4 the above 
equation becomes 


by Bey 
2 2 
= (186.0 29 +(30 psaj1-(2) | 


= 99.33 psia 
According to the ideal gas equation of state, 


_ mRT _ (0.5lbm)(0.3704 psia - ft°/lbm- R)(120+ 460 R) 
P, 99.33 psia 


V, =1.08 ft? 
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3-121E The difference in the volume of chamber 1 for two cases of pressure in chamber 3 is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft’/lbm-R (Table A-1). 

Analysis Since R-134a in chamber 2 is condensing, the pressure in this chamber is the saturation pressure, 


P, = Px @120°p = 186.0 psia (Table A-11E) 


Fy 


Summing the forces acting on the piston in the vertical direction gives 
F, +F; =F, 
P,A, +P; (A; — Ay) = PA; 
which when solved for P; gives 


Ay Ay 
A A, 


since the areas of the piston faces are given by A= 2D? /4 the above 
equation becomes 


D, y bey 
nce] ofa 
2 2 
= (186.0 psa 2) + (60 ks) = (=| | 


=116 psia 
According to the ideal gas equation of state, 


_mRT _ (0.51bm)(0.3704 psia - ft?/Ibm - R)(120 + 460 R) 
P, 116 psia 


V, =0.926 ft? 


For a chamber 3 pressure of 30 psia, the volume of chamber 1 was determined to be 1.08 ft’. Then the change in the volume 
of chamber | is 


AV =V, —V, =1.08 — 0.926 = 0.154 ft? 
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3-122 Ethane is heated at constant pressure. The final temperature is to be determined using ideal gas equation and the 
compressibility charts. 


Properties The gas constant, the critical pressure, and the critical temperature of ethane are, from Table A-1, 
R= 0.2765 kPa-m*/kg-K, Ter = 305.5 K, Po = 4.48 MPa 


Analysis From the ideal gas equation, 


T, =T, -= = (373 K)(1.6) = 596.8 K 
1 


From the compressibility chart at the initial state (Fig. A-15), 


T, 373K Q 
Tp, =—-= =1.221 
T,, 305.5K 
oe INE Z, =0.61, Vp = 0.35 
Pa =—= 3 2232 
6 a 
P, 4.48MP 


cr 
At the final state, 


Pro = Pp, = 2.232 


| Z, =0.83 
Vga =1.6Vp] =1.6(0.35) = 0.56 


Thus, 


_ Pava _ Py VroTor _ 10,000 kPa (0.56)(305.5 K) 
ZR Z, P 0.83 4480 kPa 


cr 


T, =460K 


Of these two results, the accuracy of the second result is limited by the accuracy with which the charts may be read. 
Accepting the error associated with reading charts, the second temperature is the more accurate. 


3-123 A large tank contains nitrogen at a specified temperature and pressure. Now some nitrogen is allowed to escape, and 
the temperature and pressure of nitrogen drop to new values. The amount of nitrogen that has escaped is to be determined. 


Properties The gas constant for nitrogen is 0.2968 kPa-m’/kg-K (Table A-1). 


Analysis Treating N, as an ideal gas, the initial and the final masses in the tank are determined to be 


PV kPa)(20 m? 
moa (600 1 One) = 136.6 kg | 
RT,  (0.2968kPa-m3/kg-K)(296 K) 
3 
= PV _ (400 kPa)(20 m3) ion 


RT, (0.2968 kPa-m2/kg-K)(293 K) 
Thus the amount of N, that escaped is 
Am =m; - m, =136.6 — 92.0 = 44.6 kg 
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3-64 
3-124 The rigid tank contains saturated liquid-vapor mixture of water. The mixture is heated until it exists in a single 
phase. For a given tank volume, it is to be determined if the final phase is a liquid or a vapor. 


Analysis This is a constant volume process (v= V/m = constant), and thus the final specific volume will be equal to the 
initial specific volume, 


Va =V, 


The critical specific volume of water is 0.003106 m*/kg. Thus if the final specific 
volume is smaller than this value, the water will exist as a liquid, otherwise as a vapor. 


3 
vaii yo = Oz fools 2a. this: liquid. 
m 2kg 
3 
V =400L >VU = Ye 0.2 m*/kg>v,,. Thus, vapor. 
m 2kg 


3-125 Two rigid tanks that contain hydrogen at two different states are connected to each other. Now a valve is opened, and 
the two gases are allowed to mix while achieving thermal equilibrium with the surroundings. The final pressure in the tanks 


is to be determined. 
Properties The gas constant for hydrogen is 4.124 kPa-m*/kg-K (Table A-1). 
Analysis Let's call the first and the second tanks A and B. Treating H; as an ideal gas, the total volume and the total mass of 
H; are 
V =V, +V; =0.5+0.5=1.0m> 
a (34) 7 (400 kPa)(0.5 m°) -0.1655 kg 
A 


RT, (4.124 kPa - m?/kg - K)(293 K) 
PV 150 kPa)(0.5 m? 

fig | | = — OOO) 0 oseaky P=400 kPa P=150 kPa 
RT, ), (4.124 kPa - m3/kg - K)(323 K) 


m=m, +mp =0.1655 + 0.0563 = 0.2218 kg 
Then the final pressure can be determined from 


_ MRT, _ (0.2218 kg)(4.124 kPa -m*/kg-K)288K) _ se, pa 


P 3 
V 1.0m 
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EES 
3-126 Problem 3-125 is reconsidered. The effect of the surroundings temperature on the final equilibrium pressure in 
the tanks is to be investigated. The final pressure in the tanks is to be plotted versus the surroundings temperature, and the 
results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 
V_A=0.5 [m^3] 
T_A=20 [C] 
P_A=400 [kPa] 


B 
_B=150 [kPa] 
{T_2=15 [C]} 


T 
P 


"Solution" 
R=R_u/MOLARMASS(H2) 
R_u=8.314 [kJ/kmol-K] 
V_total=V_A+V_B 
m_total=m_A+m_B 
P_A*V_A=m_A*R*(T_A+273) 
P_B*V_B=m_B*R*(T_B+273) 
P_2*V_total=m_total*R*(T_2+273) 


P, Ts 280 
[kPa] [C] 
240.6 -10 ] 
245.2 -5 270 
249.7 0 
254.3 5 a J 
258.9 10 a 
263.5 15 x, 260 

268 20 N 
272.6 25 (ai J 
277.2 30 250 
240 1 1 1 1 f 1 f 1 
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3-127 The pressure in an automobile tire increases during a trip while its volume remains constant. The percent increase in 
the absolute temperature of the air in the tire is to be determined. 


Assumptions 1 The volume of the tire remains constant. 2 Air is an ideal gas. 


Properties The local atmospheric pressure is 90 kPa. TRE 
200 kPa 
Analysis The absolute pressures in the tire before and after the trip are 0.035 m? 
P, = Pyage,1 + Patm = 200 + 90 = 290 kPa 


P, = Prage2 + Pam = 220+ 90 = 310 kPa 


Noting that air is an ideal gas and the volume is constant, the ratio of absolute 
temperatures after and before the trip are 


PY, _ PV, T, _ Py _ 310kPa _ 
T T T, P, 290kPa 


1.069 


Therefore, the absolute temperature of air in the tire will increase by 6.9% during this trip. 


3-128 The temperature of steam in a tank at a specified state is to be determined using the ideal gas relation, the 
generalized chart, and the steam tables. 


Properties The gas constant, the critical pressure, and the critical temperature of water are, from Table A-1, 
R =0.4615 kPa: m*/kg-K, T,, =647.1K, P, =22.06 MPa 


Analysis (a) From the ideal gas equation of state, 


3 
p= RT _ (0.4615 kPa-m KE K)(673K) _ 15,529 kPa H,O 
v 0.02 m”/kg 0.02 m’/kg 
(b) From the compressibility chart (Fig. A-15a), WIE 
Tpk = Loa eE = 1.040 
Ty 647.1K 
A Pp = 0.57 
y = actual _ (0.02 m°/kg)(22,060 kPa) B 
R O RTo/P, (0.4615 kPa: mĉ/kg : K)(647.1K) ` 


Thus, 
P = PP. = 0.57 x 22,060 = 12,574 kPa 


(c) From the superheated steam table, 


T = 400°C 


v=0.02 m?/kg \p =12,515 kPa (from EES) 
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3-129 One section of a tank is filled with saturated liquid R-134a while the other side is evacuated. The partition is 
removed, and the temperature and pressure in the tank are measured. The volume of the tank is to be determined. 


Analysis The mass of the refrigerant contained in the tank is 


V, 0.03 m? 
vi 0.0008934 m3/kg 


= 33.58 kg 


since 


Evacuated 


Vi =V p@14Mpa = 0.0008934 m*/kg 


At the final state (Table A-13), 


P, =400 kPa 


v, = 0.05680 m*/kg 
T, =30°C 


Thus, 
Vank = V = mv, = (33.58 kg)(0.05680 m?/kg) =1.91m? 
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EES 
3-130 Problem 3-129 is reconsidered. The effect of the initial pressure of refrigerant-134 on the volume of the tank 
is to be investigated as the initial pressure varies from 0.5 MPa to 1.5 MPa. The volume of the tank is to be plotted versus 
the initial pressure, and the results are to be discussed. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given Data" 
x_1=0.0 
Vol_1=0.03 [m^3] 
P_1=1200 [kPa] 
T_2=30 [C] 
P_2=400 [kPa] 


"Solution" 
v_1=volume(R134a,P=P_1,x=x_1) 
Vol_1=m*v_1 
v_2=volume(R134a,P=P_2,T=T_2) 


Vol_2=m*v_2 
P} Vol m 2.15 
[kPa] | [m _| [kg] 
500 2.114 | 37.23 2.1 
600 2.078 | 36.59 
700 2.045 | 36.01 2.05 


800 | 2.015 | 35.47 s 
900 | 1.986 | 34.96 = 
1000 | 1.958 | 34.48 TA 
© 
> 


1100 1.932 | 34.02 
1200 1.907 | 33.58 
1300 1.883 | 33.15 
1400 1.859 | 32.73 
1500 1.836 | 32.32 


500 700 900 1100 1300 1500 
P, [kPa] 
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3-131 A propane tank contains 5 L of liquid propane at the ambient temperature. Now a leak develops at the top of the tank 
and propane starts to leak out. The temperature of propane when the pressure drops to 1 atm and the amount of heat 
transferred to the tank by the time the entire propane in the tank is vaporized are to be determined. 


Properties The properties of propane at 1 atm are Ty, =-42.1°C, p= 581 kg/m? , and hey = 427.8 kJ/kg (Table A-3). 


Analysis The temperature of propane when the pressure drops 
to 1 atm is simply the saturation pressure at that temperature, 


T = Tt @1 am =742.1° C 
The initial mass of liquid propane is 


m= pV = (581kg/m*)(0.005 m°) = 2.905 kg 


The amount of heat absorbed is simply the total heat of vaporization, 


Qabsorbed = mh fg = (2.905 kg)(427.8 kJ/kg) = 1243 kJ 


3-132 An isobutane tank contains 5 L of liquid isobutane at the ambient temperature. Now a leak develops at the top of the 
tank and isobutane starts to leak out. The temperature of isobutane when the pressure drops to 1 atm and the amount of 
heat transferred to the tank by the time the entire isobutane in the tank is vaporized are to be determined. 


Properties The properties of isobutane at 1 atm are Ty, =-11.7°C, p = 593.8 kg/m? , and hg = 367.1 kJ/kg (Table A-3). 


Analysis The temperature of isobutane when the pressure drops to 1 atm is simply the saturation pressure at that 
temperature, 


T = Tyat @1 atm = —11.7°C 


Isobutane 
SE 
20°C 


The initial mass of liquid isobutane is 
m = pV = (593.8 kg/m? )(0.005 m°?) = 2.969kg 
The amount of heat absorbed is simply the total heat of vaporization, 


Quosorbed = Mh y = (2.969 kg)(367.1 kJ/kg) = 1090 kJ "Leak 


3-133 A tank contains helium at a specified state. Heat is transferred to helium until it reaches a specified temperature. The 
final gage pressure of the helium is to be determined. 


Assumptions 1 Helium is an ideal gas. 
Properties The local atmospheric pressure is given to be 100 kPa. 


Analysis Noting that the specific volume of helium in the tank remains 


constant, from ideal gas relation, we have Q 
Helium 
T 
P, =P, 2 =(110+100 KPa) SOTO = 343.8 kpa IPC 
ee 110 kPa 
Then the gage pressure becomes gage 


P 


aged = P — Pam =343.8—100 = 244 kPa 
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3-134 The first eight virial coefficients of a Benedict-Webb-Rubin gas are to be obtained. 


Analysis The Benedict-Webb-Rubin equation of state is given by 


T Co\ 1 bRT-a aa c = 
p= AEs ayer Ap) oo a fe Lexy 7) 


v v oT? 


Expanding the last term in a series gives 


2 3 
52 E ae E A 
exp(-y/v~) =1 3 ar = ae e 


Substituting this into the Benedict-Webb-Rubin equation of state and rearranging the first terms gives 
_R,T R,TBọ-A-Co/T? | bR,T-a c(l+y) aa cy(l+y) 1 cy°(l+7) 


v g? 7? TT? 7° UT? 2! oT? 


P 


The virial equation of state is 


RT aT) b(T) c(T) d(T) eT) FM) gT) , A) 
P= z sr ae a ase ead sae ane a 


Comparing the Benedict-Webb-Rubin equation of state to the virial equation of state, the virial coefficients are 


a(T)=R,TBy - Ay - Co /T? 
b(T)=bR,T -a 


c(T)=0 
d(T)=c(l+ y)/T? 
e(T)=aa 
f(T)=cyt+y)/T? 
g(T)=0 

h(T) re v) 


3-135 The table is completed as follows: 


P, kPa T, °C v, m/kg u, kJ/kg Condition description and quality, if 
applicable 

300 250 0.7921 2728.9 Superheated vapor 

300 133.52 0.3058 1560.0 x = 0.504, Two-phase mixture 

101.42 100 - - Insufficient information 

3000 180 0.001127” | 761.92 Compressed liquid 


* Approximated as saturated liquid at the given temperature of 180°C 
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3-136 The table is completed as follows: 


P, kPa T, °C v, m/kg u, kJ/kg Condition description and quality, if 
applicable 

200 120.2 0.8858 2529.1 Saturated vapor 

232.23 125 0.5010 1831.0 x = 0.650, Two-phase mixture 

7829 400 0.0352 2967.2 Superheated vapor 

1000 30 0.001004" | 125.73" Compressed liquid 

120.90 105 - - Insufficient information 


” Approximated as saturated liquid at the given temperature of 30°C 
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3-72 
3-137 Water at a specified state is contained in a tank. It is now cooled. The process will be indicated on the P-vand T- v 
diagrams. 
Analysis The properties at the initial and final states are 


P, =300kPa 


v; =0.7964 m?/kg (Table A - 6) 
T, =250°C 


P, =150kPa 


E T, =111.35°C (Table A - 5) 
V, =v; =0.7964 m` /kg 


Using Property Plot feature of EES, and by adding state points we obtain following diagrams. 


Steam 
10ê IAPWS 


10°L 


| 300 kPa 


P [kPa] 


111,4°C 


10° | l 1 
104 10°3 10-2 1071 10° 102 102 


v [m/kg] 


Steam 
700 l IAPWS 


T[°C] 


300 kPa 


150 kPa 


111.35°C 


ji 
10°3 10-72 1071 10° 101 102 
v [m/kg] 
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3-138 Water at a specified state is contained in a piston-cylinder device fitted with stops. Water is now heated until a final 


pressure. The process will be indicated on the P-vand T- v diagrams. 


Analysis The properties at the three states are 


P, =300kPa 

3 T, =133.5°C (Table A - 5) 
v = 0.5 m` /kg 
P, =300 kPa 


v, =0.6058 m/kg, T, =133.5°C (Table A 
Xx, =1 (sat. vap.) 
P, =600 kPa 


E T, =517.8°C (Table A - 6) 
v, = 0.6058 m`/kg 


Water 
300 kPa 
0.5 m*/kg 


-5) Q 


Using Property Plot feature of EES, and by adding state points we obtain following diagrams. 


Steamjapws 


6 
10 T T T T T 


10°L 


Pl 600 kPa 


P [kPa] 
o 


300 kPa 


10° f f | | f 


10-74 10-3 10-2 107 05 10° 101 
v [m?/kg] 


Steamiapws 
T 


102 


600 kPa 


300 kPa 


T[°C] 


158.8°C 


133.5°C 


0 i | i 


10°3 10-72 102 o5 100 10t 
v [m3/kg] 
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3-139E Argon contained in a piston-cylinder device at a given state undergoes a polytropic process. The final temperature 
is to be determined using the ideal gas relation and the Beattie-Bridgeman equation. 


Analysis (a) The polytropic relations for an ideal gas give 


| \ 0.6/1 
2000 psia 


n-l/n .6/1.6 
T, =T,| — = (300 + 460 R) - =986R 
P, 1000 psia 


(b) The constants in the Beattie-Bridgeman equation are expressed as 


Argon 


A= asf1-2)= 130.7801- 202828) 1000 psia 
Vv VU 


300°F 
B= B,(1 = 2) = 0.0393 (1 z 2) 
v v 


c=5.99x104m? : K?/kmol 


Substituting these coefficients into the Beattie-Bridgeman equation and using data in SI units (P = 1000 psia = 6895 kPa, 
T=760 R = 422.2 K, R, = 8.314 kJ/kmol:K) 


padal í 2 Jea- 


v? UT? v? 


and solving using an equation solver such as EES gives 
7 =0.5120 m?/kmol = 8.201 ft*/Ibmol 


From the polytropic equation 


I/n 1/1.6 
_— [P 
a, ~0( 2] =(0.5120m'/kmot} +) = 0.3319 m*/kmol 


Substituting this value into the Beattie-Bridgeman equation and using data in SI units (P = 2000 psia = 13790 kPa and R, = 
8.314 kJ/kmol-K), 


P -ATi c \ora-4 
g? oT? g? 


and solving using an equation solver such as EES gives 


T, = 532.2 K =958 R 
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3-140E The specific volume of nitrogen at a given state is to be determined using the ideal gas relation, the Benedict- 
Webb-Rubin equation, and the compressibility factor. 


Properties The properties of nitrogen are (Table A-1E) 
R = 0.3830 psia-ft'/lbm-R, M=28.013 lbm/Ibmol, T,,;=227.1R, Po = 492 psia 
Analysis (a) From the ideal gas equation of state, 


-RI (0.3830 psia - ft?/lbm - R)(360 R) 


= 0.3447 ft?/Ibm j 
P 400 psia PEN 


400 psia, -100°F 


(b) Using the coefficients of Table 3-4 for nitrogen and the given data in SI units, the 
Benedict-Webb-Rubin equation of state is 


R,T Cọ|1 bRT-a aa c y —2 
P=% +| BRT-Ą4-2 |u I ie eye 
v oPuT =A Shi o v “l L) PEERS 
314)(2 164x10°) 1 0,002328x8.314x 200- 2.54 
ajage CAO | woavpaxesiaxzo0 106732 sO | Ls Oe 
V 200 7] v 

2.54x1.272x10 7. 104 2 

Penia A am Pees z [enn 0.0053/ 7°) 

V v` (200) v 


The solution of this equation by an equation solver such as EES gives 


7 = 0.5666 m?/kmol 
Then, 


oe = gese al f 1602 0ieme 


= 0.3240 ft?/Ibm 
M 28.013kg/kmol | 1m3/kg 


(c) From the compressibility chart (Fig. A-15), 


T R 
TR = me =1.585 

Te 227.1R 

ie. toe Z= 0.94 
Ppa = = 0.813 

P, 492 psia 


Thus, 
V = LV igen, = (0.94)(0.3447 ft? /Ibm) = 0.3240 ft?/Ibm 
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Fundamentals of Engineering (FE) Exam Problems 


3-141 A rigid tank contains 2 kg of an ideal gas at 4 atm and 40°C. Now a valve is opened, and half of mass of the gas is 
allowed to escape. If the final pressure in the tank is 2.2 atm, the final temperature in the tank is 


(a) 71°C (b) 44°C (c) -100°C (d) 20°C (e) 172°C 
Answer (a) 71°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"When R=constant and V= constant, P1/P2=m1*T1/m2*T2" 
m1=2 "kg" 

P1=4 "atm" 

P2=2.2 "atm" 

T1=40+273 "K" 

m2=0.5*m1 "kg" 

P1/P2=m1*T1/(m2*T2) 

T2_C=T2-273 "C" 


"Some Wrong Solutions with Common Mistakes:" 

P1/P2=m1*(T1-273)/(m2*W1_T2) "Using C instead of K" 

P1/P2=m1*T1/(m1*(W2_T2+273)) "Disregarding the decrease in mass" 
P1/P2=m1*T1/(m1*W3_T2) "Disregarding the decrease in mass, and not converting to deg. C" 
W4_T2=(T1-273)/2 "Taking T2 to be half of T1 since half of the mass is discharged" 


3-142 The pressure of an automobile tire is measured to be 190 kPa (gage) before a trip and 215 kPa (gage) after the trip at 
a location where the atmospheric pressure is 95 kPa. If the temperature of air in the tire before the trip is 25°C, the air 
temperature after the trip is 


(a) 51.1°C (b) 64.2°C (c) 27.2°C (d) 28.3°C (e) 25.0°C 
Answer (a) 51.1°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"When R, V, and m are constant, P1/P2=T1/T2" 
Patm=95 

P1=190+Patm "kPa" 

P2=215+Patm "kPa" 

T1=25+273 "K" 

P1/P2=T1/T2 

T2_C=T2-273 "C" 


"Some Wrong Solutions with Common Mistakes:" 

P1/P2=(T1-273)/W1_T2 "Using C instead of K" 

(P1-Patm)/(P2-Patm)=T1/(W2_T2+273) "Using gage pressure instead of absolute pressure" 
(P1-Patm)/(P2-Patm)=(T1-273)/W3_T2 "Making both of the mistakes above" 
W4_T2=T1-273 "Assuming the temperature to remain constant" 
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3-143 A 300-m’ rigid tank is filled with saturated liquid-vapor mixture of water at 200 kPa. If 25% of the mass is 
liquid and the 75% of the mass is vapor, the total mass in the tank is 


(a) 451 kg (b) 556 kg (c) 300 kg (d) 331 kg (e) 195 kg 
Answer (a) 451 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_tank=300 "m3" 

P1=200 "kPa" 

x=0.75 

v_f=VOLUME(Steam_IAPWS, x=0,P=P1) 
v_g=VOLUME(Steam_IAPWS, x=1,P=P1) 
v=v_f+x*(v_g-v_f) 

m=V_tank/v "kg" 


"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

T=TEMPERATURE(Steam_IAPWS,x=0,P=P1) 
P1*V_tank=W1_m*R*(T+273) "Treating steam as ideal gas" 
P1*V_tank=W2_m*R*T "Treating steam as ideal gas and using deg.C" 
W3_m=V_tank "Taking the density to be 1 kg/m^3" 


3-144 Water is boiled at 1 atm pressure in a coffee maker equipped with an immersion-type electric heating element. The 
coffee maker initially contains 1 kg of water. Once boiling started, it is observed that half of the water in the coffee maker 
evaporated in 10 minutes. If the heat loss from the coffee maker is negligible, the power rating of the heating element is 


(a) 3.8 kW (b) 2.2 kW (c) 1.9 kW (d) 1.6 kW (e) 0.8 kW 
Answer (c) 1.9 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_1=1 "kg" 

P=101.325 "kPa" 

time=10*60 "s" 

m_evap=0.5*m_1 
Power*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1,P=P) 
h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Power*time=m_evap*h_g "Using h_g" 

W2_Power*time/60=m_evap*h_g "Using minutes instead of seconds for time" 
W3_Power=2*Power "Assuming all the water evaporates" 
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3-145 A 1-m/ rigid tank contains 10 kg of water (in any phase or phases) at 160°C. The pressure in the tank is 
(a) 738 kPa (b) 618 kPa (c) 370 kPa (d) 2000 kPa (e) 1618 kPa 
Answer (b) 618 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_tank=1 "m^3" 

m=10 "kg" 

v=V_tank/m 

T=160 "C" 
P=PRESSURE(Steam_IAPWS,v=v,T=T) 


"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

W1_P*V_tank=m*R*(T+273) "Treating steam as ideal gas" 
W2_P*V_tank=m*R*T "Treating steam as ideal gas and using deg.C" 


3-146 Water is boiling at 1 atm pressure in a stainless steel pan on an electric range. It is observed that 2 kg of liquid 
water evaporates in 30 minutes. The rate of heat transfer to the water is 


(a) 2.51 kW (b) 2.32 kW (c) 2.97 kW (d) 0.47 kW (e) 3.12 kW 
Answer (a)2.51 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_evap=2 "kg" 

P=101.325 "kPa" 

time=30*60 "s" 

Q*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1,P=P) 
h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time/60=m_evap*h_g "Using minutes instead of seconds for time" 
W3_Q*time=m_evap*h_f "Using h_f" 
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3-147 Water is boiled in a pan on a stove at sea level. During 10 min of boiling, its is observed that 200 g of water has 
evaporated. Then the rate of heat transfer to the water is 


(a) 0.84 kJ/min (b) 45.1 kJ/min (c) 41.8 kJ/min (d) 53.5 kJ/min (e) 225.7 kJ/min 
Answer (b) 45.1 kJ/min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_evap=0.2 "kg" 

P=101.325 "kPa" 

time=10 "min" 

Q*time=m_evap*h_fg "kJ" 
h_f=ENTHALPY(Steam_IAPWS, x=0,P=P) 
h_g=ENTHALPY(Steam_IAPWS, x=1,P=P) 
h_fg=h_g-h_f 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q*time=m_evap*h_g "Using h_g" 

W2_Q*time*60=m_evap*h_g "Using seconds instead of minutes for time" 
W3_Q*time=m_evap*h_f "Using h_f" 


3-148 A rigid 3-m’ rigid vessel contains steam at 4 MPa and 500°C. The mass of the steam is 
(a) 3 kg (b) 9 kg (c) 26 kg (d) 35 kg (e) 52 kg 
Answer (d) 35 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=3 "m^3" 
m=Viv1 "m^3/kg" 

P1=4000 "kPa" 

T1=500 "C" 
v1=VOLUME(Steam_IAPWS,T=T1,P=P1) 


"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

P1*V=W1_m*R*(T1+273) "Treating steam as ideal gas" 
P1*V=W2_m*R*T1 "Treating steam as ideal gas and using deg.C" 
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3-149 Consider a sealed can that is filled with refrigerant-134a. The contents of the can are at the room temperature of 
25°C. Now a leak developes, and the pressure in the can drops to the local atmospheric pressure of 90 kPa. The 
temperature of the refrigerant in the can is expected to drop to (rounded to the nearest integer) 


(a) 0°C (b) -29°C (c) -16°C (d) 5°C (e) 25°C 
Answer (b) -29°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 
P2=90 "kPa" 
T2=TEMPERATURE(R134a,x=0,P=P2) 


"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1 "Assuming temperature remains constant" 


3-150 ... 3-152 Design and Essay Problems 
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Solutions Manual for 


Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 4 
ENERGY ANALYSIS OF CLOSED SYSTEMS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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Moving Boundary Work 


4-1C Yes. 


4-2C The area under the process curve, and thus the boundary work done, is greater in the constant pressure case. 


4-3 1kPa-m? =1k(N/m’)-m* =1kN-m=1kJ 


4-4 Helium is compressed in a piston-cylinder device. The initial and final temperatures of helium and the work required to 
compress it are to be determined. 


Assumptions The process is quasi-equilibrium. 
Properties The gas constant of helium is R = 2.0769 kJ/kg-K (Table A-1). 


Analysis The initial specific volume is 


V 7m 5 P 
Aa te (kPa) 
Using the ideal gas equation, 2 1 
200 t t 


_ Py, _ (150kPa)(7 m*/kg) eT 
R 2.0769 kJ/kg -K ` 


T 


Since the pressure stays constant, 
3 7 Vw) 


-Vr _3m* 


T. 
ag 


z (505.1K) =216.5 K 
m 


and the work integral expression gives 


2 
Wro =| PdV = P(V, —V,)=(150 kPa)(3—7) m? II =—600 kJ 
' ! 1 kPa -m° 


That is, 
Wh in = 600 kJ 
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4-5E The boundary work done during the process shown in the figure is to be determined. 
Assumptions The process is quasi-equilibrium. 


Analysis The work done is equal to the the sumof the areas 
under the process lines 1-2 and 2-3: 


_P+P, 


Wi out = Area 


_ (300 +15)psia (3.3-1) ft?) 1 Btu 
2 5.404 psia - ft 


(V-V) +P, (V; —V,) 


1 Btu 
+ (300 psia)(2 —3.3)ft*| ——————— 
5.404 psia - ft? 


3 
T 1 2 33 V) 


The negative sign shows that the work is done on the system. 


4-6 The work done during the isothermal process shown in the figure is to be determined. 
Assumptions The process is quasi-equilibrium. 
Analysis From the ideal gas equation, 


LRT 
V 


P 


For an isothermal process, 


P, kPa 


P. 
v =v, — = (0.2 m?/kg) 600 kPa 


= 0.6 m?/kg 
P 200 kPa 


Substituting ideal gas equation and this result into the boundary 
work integral produces 


2 2 
Wy ou =Í Pdv=mRTÍ ay 
> 1 1 v 


2m? 1k 
= mP.v, In £> = (3 kg)(200 kPa)(0.6m*) In 2> : - 
vi 0.6m” | 1 kPa-m 


= -395.5kJ 


The negative sign shows that the work is done on the system. 
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4-7 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
polytropic expansion of nitrogen. 


Properties The gas constant for nitrogen is 0.2968 kJ/kg.K (Table A-2). 


Analysis The mass and volume of nitrogen at the initial state are 


3 
mf o 130 kPaY(0.07m>)___ 9 ga g99 Kg i 


120°C 


_ mRT, _ (0.07802 kg)(0.2968 kPa.m?/kg.K)(100 +273 K) 
P, 100 kPa 


A = 0.08637 m3 


The polytropic index is determined from 
PV," = P,V;’ ——>(130kPa)(0.07m?)” = (100 kPa)(0.08637 m?)” —>n =1.249 


The boundary work is determined from 


V -PV Fia 3 
yy, - BVa -PV _ (100 kPay(0.08637 m°) - (130 KPa)(0.07 m°) _ 4 ge 


2 l-n 1-1.249 


4-8 A piston-cylinder device with a set of stops contains steam at a specified state. Now, the steam is cooled. The 
compression work for two cases and the final temperature are to be determined. 


Analysis (a) The specific volumes for the initial and final states are (Table A-6) 


P =1MPa 
T, = 400°C 


P, =1 MPa 


v; = 0.30661 m*/kg 
T, = 250°C 


Z = 0.23275 m*/kg 


Noting that pressure is constant during the process, the boundary 
work is determined from 


W, = mP(v, — v2) = (0.3 kg)(1000 kPa)(0.30661 — 0.23275)m*/kg = 22.16 kJ 


(b) The volume of the cylinder at the final state is 60% of initial volume. Then, the 
boundary work becomes 


W, = mP(v, —0.60v,) = (0.3 kg)(1000 kPa)(0.30661 — 0.60 x 0.30661)m*/kg = 36.79 kJ 
The temperature at the final state is 


P, =0.5MPa 


; T, =151.8°C (Table A-5) 
v, = (0.60 x 0.30661) m°/kg 
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4-9 A piston-cylinder device contains nitrogen gas at a specified state. The final temperature 
and the boundary work are to be determined for the isentropic expansion of nitrogen. 


Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.395 (Tables A-2a, 
A-2b) 


Analysis The mass and the final volume of nitrogen are N2 


130 kPa 


geii (130 kPa)(0.07 m°) 


= 0.06768 kg 180°C 
RT, (0.2968 kJ/kg.K)(180 + 273 K) 


P VE = P, VŽ ——>(130kPa)(0.07m?)!39° = (80 kPa}? —>V, = 0.09914 m> 


The final temperature and the boundary work are determined as 


PV. i 3 
pont (80 kPa)(0.099 14 m ) meee 
mR (0.06768 kg)(0.2968 kPa.m3/kg.K) 
PV, -PV . = 07m? 
pa | _ (80 kPa)(0.09914 m°) - (130 KPa)(0.07m°) _ 5 gg, 


l-k 1—1.395 


4-10 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a specified value. The 
boundary work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 


Properties Noting that the pressure remains constant during this process, the specific volumes at the initial and the final 
states are (Table A-4 through A-6) 


P, =300 kPa 7 P 

Sat. vapor lo = V o @300 kPa 7 0.60582 m /kg (kPa) 

P, =300 kPa 3 1 2 
T, = 200°C h = 0.71643 m°/kg 300 —_ æ 


Analysis The boundary work is determined from its definition to be 


2 
Wyo = | PAV = PU, -4) = mPv; =v) 


= (5 kg)(300 kPa)(0.71643 — 0.60582) m/kg oe 
1kPa-m 


= 165.9 kJ 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-11 Refrigerant-134a in a cylinder is heated at constant pressure until its temperature rises to a specified value. The 
boundary work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 


Properties Noting that the pressure remains constant during this process, the specific volumes at the initial and the final 
states are (Table A-11 through A-13) 


P, =500 kPa 3 
ee Vi =V @500 kPa = 9.0008059 m°/kg P 

Sat. liquid (kPa) 
P, =500 kPa 3 

x v, =0.052427 m`/kg 1 2 
T, =70°C 500 > 2 

Analysis The boundary work is determined from its definition to be 
3 
Sia. Oom S604 i S$" 


vı 0.0008059 m3/kg 


and 


2, 
Wrow =] PAV = PW, -⁄) = mP, =v) 


= (62.04 kg)(500 kPa)(0.052427 — oooososopmn a A | 
Pa-m 


=1600 kJ 


Discussion The positive sign indicates that work is done by the system (work output). 
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> 
4-12 Problem 4-11 is reconsidered. The effect of pressure on the work done as the pressure varies from 400 kPa to 
1200 kPa is to be investigated. The work done is to be plotted versus the pressure. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

Vol_1L=200 [L] 

x_1=0 "saturated liquid state" 
P=900 [kPa] 

T_2=70 [C] 


"Solution" 
Vol_1=Vol_1L*convert(L,m‘3) 
"The work is the boundary work done by the R-134a during the constant pressure process." 


W_boundary=P*(Vol_2-Vol_1) 


"The mass is:" 
Vol_1=m*v_1 
v_1=volume(R134a,P=P,x=x_1) 
Vol_2=m*v_2 
v_2=volume(R134a,P=P,T=T_2) 


"Plot information:" 


v[1]=v_1 
v[2]=v_2 
P[1]=P 
P[2]=P 
T[1]=temperature(R134a,P=P,x=x_1) 
T[2]=T_2 
P Wooundary 1800 
[kPa] [kJ] 
200 1801 1700 
400 1661 
500 1601 _ 
600 1546 2 
700 1493 
800 1442 & 1500 
900 1393 5 
1000 1344 = 1400 
1100 1297 
1200 1250 
1300 
1200 


200 300 400 500 600 700 800 900 1000 1100 1200 
P [kPa] 
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R134a 
Qs T o 


103L 4 


P [kPa] 


10°} 4 


104 10°3 10°2 107% 


OG %Y*QT__AaAaz 


200+ 4 


-100 
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4-13 Water is expanded isothermally in a closed system. The work produced is to be determined. 
Assumptions The process is quasi-equilibrium. 


Analysis From water table 


P, = P, = Parac = 1554.9 kPa P 
(kPa) 
Vi =r @200°c = 9.001157 m*/kg 
Wap PAY fe 1555 oe 
= 0.001157 +0.80(0.12721- 0.001157) 
= 0.10200 m3/kg 
The definition of specific volume gives 1 88.16 V (mò) 


.10200 m?/k 
020 ea) 0200 m°/kg 


—> = 88.16 m? 
vi 0.001157 m~ /kg 


The work done during the process is determined from 


2 
Wp out = f PdV = P(V, -V,) = (1554.9 kPa)(88.16 (E 


-]=1355x105 kJ 
a:m 


4-14 Air in a cylinder is compressed at constant temperature until its pressure rises to a specified value. The boundary 
work done during this process is to be determined. 


Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis The boundary work is determined from its definition to be 


2 P 
W, ou = f PdV = PV in. = mRTn& 
PN v P, 
150 kPa 


600 kPa 


= (2.4 kg)(0.287 kJ/kg - K)(285 K)In 


=-272 kJ 


Discussion The negative sign indicates that work is done on the system (work input). 


4-15 Several sets of pressure and volume data are taken as a gas expands. The boundary work done during this 
process is to be determined using the experimental data. 


Assumptions The process is quasi-equilibrium. 


Analysis Plotting the given data on a P-Vdiagram on a graph paper and evaluating the area under the process curve, the 


work done is determined to be 0.25 kJ. 
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4-16 @ A gas in a cylinder expands polytropically to a specified volume. The boundary work done during this process 
is to be determined. 


Assumptions The process is quasi-equilibrium. 


Analysis The boundary work for this polytropic process can be determined directly from 


n 1.5 
v, 03 m? 
P, =P|- | =(350 kPa) n = 20.33 kPa P 
V, 0.2 m (kPa) 


1 
and 15 
W, out =[ pav -254 =i PV 


l-n ~x.: 


_ (20.33x 0.2 -350x 0.03) kPa-m?{ 1kJ 
1-1.5 1 kPa - m? 


=12.9 kJ 


Discussion The positive sign indicates that work is done by the system (work output). 
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EES 
4-17 Problem 4-16 is reconsidered. The process described in the problem is to be plotted on a P- Y diagram, and the 
effect of the polytropic exponent n on the boundary work as the polytropic exponent varies from 1.1 to 1.6 is to be plotted. 


Analysis The problem is solved using EES, and the solution is given below. 


Function BoundWork(P[1],V[1],P[2],V[2],n) 
"This function returns the Boundary Work for the polytropic process. This function is required 
since the expression for boundary work depens on whether n=1 or n<>1" 
If n<>1 then 
BoundWork:=(P[2]*V[2]-P[1]*V[1])/(1-n)"Use Equation 3-22 when n=1" 
else 
BoundWork:= P[1]*V[1]*In(V[2]/V[1]) "Use Equation 3-20 when n=1" 
endif 
end 


"Inputs from the diagram window" 

{n=1.5 

P[1] = 350 [kPa] 

V[1] = 0.03 [m^3] 

V[2] = 0.2 [m3] 

Gas$='AIR'} 

"System: The gas enclosed in the piston-cylinder device." 
"Process: Polytropic expansion or compression, P*V^n = C" 
P[2}*V[2}*n=P[1]*V[1]4n 

"n = 1.3" "Polytropic exponent" 


"Input Data" 

W_b = BoundWork(P[1], V[1],P[2], V[2],n)"[kJ]" 

"If we modify this problem and specify the mass, then we can calculate the final temperature of 
the fluid for compression or expansion" 

m[1] = m[2] "Conservation of mass for the closed system" 

"Let's solve the problem for m[1] = 0.05 kg" 

m[1] = 0.05 [kg] 


"Find the temperatures from the pressure and specific volume." 
T[1]=temperature(gas$,P=P[1],v=V[1]/m[1]) 
T[2]=temperature(gas$,P=P[2],v=V[2]/m[2]) 
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P [kPa] 


160 
140 
120 
100 
80 
60 
40 
20 
0 1 
0.02 0.04 0.06 
n | Wh [kJ] 
11 | 18.14 
1.156 | 17.25 
1.211 | 16.41 
1.267 | 15.63 
1.322 | 14.9 
1.378 | 14.22 
1.433 | 13.58 
1.489 | 12.98 
1.544 | 12.42 
1.6 | 11.89 


Wp [kJ] 


1.3 


1.4 
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4-18 Nitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified value. The boundary 


work done during this process is to be determined. 
Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas. 
Properties The gas constant for nitrogen is R = 0.2968 kJ/kg.K (Table A-2a) 


Analysis The boundary work for this polytropic process can be 


determined from P 


PV -A4 _ mR, -17) 


l-n l-n 
_ (2kg)(0.2968 kJ/kg - K)(360 — 300)K 


1-1.4 ae 


2 
Wy out = f “PdV = 
PV"=C 


= -89.0 kJ 


Discussion The negative sign indicates that work is done on 
the system (work input). 


4-19 @® A gas whose equation of state is 0(P+10/07)=R,T expands in a cylinder isothermally to a specified 


volume. The unit of the quantity 10 and the boundary work done during this process are to be determined. 


Assumptions The process is quasi-equilibrium. 


P 
Analysis (a) The term 10/0” must have pressure units since it 
is added to P. 
Thus the quantity 10 must have the unit kPa-‘m‘/kmol’. 
(b) The boundary work for this process can be determined from ie: K 
po Rul 10 _ RT 10 NR,T 10N? 
U v VIN (WIN)? V y? — > V 
2 4 
and 
2 2( NR, T Z V. 1 
Woon =| Pav =| ut OION Lv = nr, Tm +10N2| L- 
i 1 1 V y? VA (E 


4m 
2m 


= (0.2 kmol)(8.314 kJ/kmol : K)(350 K)In 


1k 
Oc = SI l ; 
-403kJ 4m 2m 1kPa-m 


Discussion The positive sign indicates that work is done by the system (work output). 
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EES 


4-20 Problem 4-19 is reconsidered. Using the integration feature, the work done is to be calculated and compared, 
and the process is to be plotted on a P-V diagram. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

N=0.2 [kmol] 
v1_bar=2/N "[m^3/kmol]" 
v2_bar=4/N "[m^3/kmol]" 
T=350 [K] 

R_u=8.314 [kJ/kmol-K] 


"The quation of state is:" 
v_bar*(P+10/v_bar^2)=R_u*T "P is in kPa" 


"using the EES integral function, the boundary work, W_bEES, is" 
W_b_EES=N*integral(P,v_bar, v1_bar, v2_bar,0.01) 


"We can show that W_bhand= integeral of Pdv_bar is 
(one should solve for P=F(v_bar) and do the integral 'by hand' for practice)." 
W_b_hand = N*(R_u*T*In(v2_bar/v1_bar) +10*(1/v2_bar-1/v1_bar)) 


"To plot P vs v_bar, define P_plot =f(v_bar_plot, T) as" 

{v_bar_plot*(P_plot+10/v_bar_plot*2)=R_u*T} 

" P=P_plot and v_bar=v_bar_plot just to generate the parametric table for plotting purposes. To plot P vs v_bar 
for a new temperature or v_bar_plot range, remove the '{' and '}' from the above equation, and reset the 


v_bar_plot values in the Parametric Table. Then press F3 or select Solve Table from the Calculate menu. Next 
select New Plot Window under the Plot menu to plot the new data." 


Phot Volot 320 
290.9 10 r 1 ‘| 
261.8 11.11 280 
238 12.22 i — 1 
218.2 13.33 240 ara 
201.4 14.44 i a T=350K | 
187 15.56 = —__ | 
174.6 16.67 C dee 1 a 
163.7 17.78 = ~“ a2 | 
154 18.89 ai 
145.5 20 a | | 

80 Area = Wpboundary 

40 

(0) , , 1 f 

9 11 13 15 17 19 21 


Vpiot (m*/kmol) 
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4-15 
4-21 CO) gas in a cylinder is compressed until the volume drops to a specified value. The pressure changes during the 
process with volume as P=aV ~ The boundary work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. P 
Analysis The boundary work done during this process is determined from j 
2 2( a 1 1 
Woon =] Pav =| av=- z 
b,out 1 1 (=) d z) P=aV" 


6 1 1 1kJ eee 
=—(8 kPa-m”) A ; 3 
0.1m 0.3m 1kPa-m 


—___————> y 
= -53.3 kJ 0.1 0.3 (mô) 


Discussion The negative sign indicates that work is done on the system (work input). 


4-22E A gas in a cylinder is heated and is allowed to expand to a specified pressure in a process during which the pressure 
changes linearly with volume. The boundary work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 


Analysis (a) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a 
straight line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. 
Thus, 


At state 1: 
P =aV +b P 
15 psia = (5 psia/ft? )(7 ft?) +b (psia) Tenio 
b = -20 psia 100 o) 
At state 2: 1 
P, =aV,+b 1$ 


100 psia = (5 psia/ft? )V, + (-20 psia) 
V, =24 ft? 7 (ft°) 


and, 


P +P. 100+15)psi 1B 
Wess = Peewee, 2p oO ON i 2 
, 2 2 5.4039 psia - ft 


=181 Btu 


Discussion The positive sign indicates that work is done by the system (work output). 
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4-23 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be determined for the 
isothermal expansion of nitrogen. 

Properties The properties of nitrogen are R = 0.2968 kJ/kg.K , k= 1.4 (Table A-2a). 

Analysis We first determine initial and final volumes from ideal gas relation, and find the boundary work using the relation 


for isothermal expansion of an ideal gas 


_ MRT _ (0.25 kg)(0.2968 ki/kg.K)(180 + 273K) _ 9 5596 43 


v 
P, (130 kPa) 
y, -RT _ (0.25 kg)(0.2968 KJ/kg.K)(180 + 273K) _ 9 4207 m N 
P, 80 kPa 130 kPa 
180°C 
v. 3 
W, = PV, In| — | = (130 kPa)(0.2586 m°) In] = =16.3kJ 
v 0.2586 m 


4-24 A piston-cylinder device contains air gas at a specified state. The air undergoes a cycle with three processes. The 
boundary work for each process and the net work of the cycle are to be determined. 


Properties The properties of air are R = 0.287 kJ/kg.K , k= 1.4 (Table A-2a). 
Analysis For the isothermal expansion process: 


_mRT _ (0.15kg)(0.287 kkg.K)(350+273K) _ 9 01341m? 


v 


P (2000 kPa) 
y, -RT _ (0.15 kg)(0.287 kJ/kg. K)G50+273K) _ 9 05364m? 
P, (500 kPa) 
3 
W, > = PV In| {2 | = (2000 kPa)(0.01341 m3) In ee = 37.18kJ 
7 0.01341m 


For the polytropic compression process: 


P,V;' = PV? ——(500 kPa) (0.05364 m*)!'* = (2000 kPa}? ——>V; = 0.01690 m° 


PV; — PV. a a 
Waa -È Vo eens one 05364m") aiseki 
-Nn m 


For the constant pressure compression process: 


W, 3-1 = P, (V, -V4 ) = (2000 kPa)(0.01341—0.01690)m? = -6.97 kJ 


The net work for the cycle is the sum of the works for each process 


Wnet = Wp 1-2 + Wp.2-3 + Wp 31 =37.18 + (-34.86) + (-6.97) = -4.65 kJ 
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4-25 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and 
temperature rises to specified values. The work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 


Analysis The initial state is saturated mixture at 90°C. The pressure 
and the specific volume at this state are (Table A-4), 


P, =70.183 kPa 800 kPa 
v= Ver + XV fg 

= 0.001036 + (0.10)(2.3593 — 0.001036) 

= 0.23686 m°/kg 


P 


The final specific volume at 800 kPa and 250°C is (Table A-6) 
v, = 0.29321 m*/kg 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


P +P. 
W, out = Area = — 3 2 m(V, —V;) 


_ (70.183 +800)kPa 
2 


1kJ 
(1 kg)(0.29321- 0.23686)m? H 
1 kPa -m° 
=24.52 kJ 


4-26 A saturated water mixture contained in a spring-loaded piston-cylinder device is cooled until it is saturated liquid at a 
specified temperature. The work done during this process is to be determined. 


Assumptions The process is quasi-equilibrium. 


Analysis The initial state is saturated mixture at 1 MPa. The specific 
volume at this state is (Table A-5), P 


VEUs EXV g 
=0.001127 + (0.30)(0.19436 — 0.001127) 1 MPa 
= 0.059097 m*/kg 
The final state is saturated liquid at 100°C (Table A-4) 
P, =101.42 kPa 
v, =v, = 0.001043 m*/kg 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


P +P. 
W, out = Area =— 3 2 m(vV -v ) 


_ (1000 + 101.42)kPa 
5 


(1.5 kg)(0.001043 — 0.059097)m3 E) 
1kPa-m 


= —48.0 kJ 


The negative sign shows that the work is done on the system in the amount of 48.0 kJ. 
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4-27 An ideal gas undergoes two processes in a piston-cylinder device. The process is to be sketched on a P-Vdiagram; an 
expression for the ratio of the compression to expansion work is to be obtained and this ratio is to be calculated for given 
values of n and r. 


Assumptions The process is quasi-equilibrium. 


Analysis (a) The processes on a P- Vdiagram is as follows: 2 P=const 
(b) The ratio of the compression-to-expansion work is called the 3 
back-work ratio BWR. 
2 
Process 1-2: W455 f PdV PV = const I 
i 1 
tant 
The process is PV’ = constant, , P = ae , and the integration results in V 
y” 
PV, -PV _mR(T, -T) 
W, 1-2 = = 
l-n l-n 
where the ideal gas law has been used. However, the compression work is 
mR(T, -T,) 
VW coip = Wy 25 2 
n-1 
3 
Process 2-3: Wi 9-3 = f PdV 
i 2 
The process is P = constant and the integration gives 
Wi 2-3 = PV; -V,) 
where P = P, = P}. Using the ideal gas law, the expansion work is 
W exp = Wo2-3 =. mR(T; -T,) 
The back-work ratio is defined as 
mR(T, -T,) 
BwR- om = n-1 — 1 @-T)_ 1 n 0-7,/T,) 1 (-T,/T,) 


Since process 1-2 is polytropic, the temperature-volume relation for the ideal gas is 


n-l n-1 
T v af _ pln 
Ty V r 


where r is the compression ratio Y\/ V2. Since process 2-3 is constant pressure, the combined ideal gas law gives 


PV; PV, TD VU V 
33 22 and P, = P, , then ESERE ER ty 
T3 T T, V, v, 


The back-work ratio becomes 


1 Fr) 


n-1 -1) 


BWR= 


(c) For n = 1.4 and r = 6, the value of the BWR is 


1 a—6'4) 
14-1 (6-1) 


BWR= = 0.256 
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Closed System Energy Analysis 


4-28E The table is to be completed using conservation of energy principle for a closed system. 


Analysis The energy balance for a closed system can be expressed as 


Ein 7 E out = AE system 
Nay 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin Wout g E, E = mes e) 


Application of this equation gives the following completed table: 


Qin Wout Ey Fy m e-e; 
(Btu) (Btu) (Btu) (Btu) (Ibm) (Btu/lbm) 
350 510 1020 860 3 -53.3 
350 130 550 770 5 44.0 
560 260 600 900 2 150 
-500 0 1400 900 7 -71.4 
-650 -50 1000 400 3 -200 


4-29E A piston-cylinder device involves expansion work and work input by a stirring device. The net change of internal 
energy is to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved 3 The thermal energy stored in the cylinder itself is negligible. 


Analysis This is a closed system since no mass enters or leaves. The energy balance for this stationary closed system can 
be expressed as 


E in E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wi. -Wot =AU (since KE = PE = 0) 


where 

Wia =10.28 Btu 
and 

wW 
1 Btu 
Woy = 15,000 lbf - ft = (15,000 Ibf - ft) ———————_ = 19.28 Btu 
778.17 lbf - ft 

Substituting, 


AU =W,,, —Woy, = 10.28-19.28 = -9.00 Btu 
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4-30E The heat transfer during a process that a closed system undergoes without any internal energy change is to be 
determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 The compression or 
expansion process is quasi-equilibrium. 


Analysis The energy balance for this stationary closed system can be expressed as 


E in” E out = AE system 
—— —r 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin -Wat =AU =0 (since KE = PE = 0) 
Qin = Wout 


Then, 


1 Btu 


Qn =1.1«10° Ibf -fi ——————. 
778.17 lbf - ft 


=1414 Btu 


4-31 Motor oil is contained in a rigid container that is equipped with a stirring device. The rate of specific energy increase 
is to be determined. 


Analysis This is a closed system since no mass enters or leaves. The energy balance for closed system can be expressed as 


Ein z E out AE system 
—— —— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin + Won in = AE 


Then, 
AE = Oi, + Wo, jn =141.5=2.5=2.5W 
Dividing this by the mass in the system gives 


_AE _25J/s 
m 1.5kg 


Aè =1.67 Jikg-s 
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4-32 An insulated rigid tank is initially filled with a saturated liquid-vapor mixture of water. An electric heater in the tank is 
turned on, and the entire liquid in the tank is vaporized. The length of time the heater was kept on is to be determined, and 
the process is to be shown on a P-vdiagram. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The device is well- 


insulated and thus heat transfer is negligible. 3 The energy stored in the resistance wires, and the heat transferred to the tank 
itself is negligible. 


Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. Noting that 
the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary closed 
system can be expressed as 


Ein ie Eset = AE system 
SSS hea 
Net energy transfer Change in internal, kinetic, H:O 
by heat, work, and mass potential, etc. energies V= const 
Win =AU = mfu 14) (since Q= KE = PE =0) 


VIAt = m(uy — u) 


The properties of water are (Tables A-4 through A-6) 


P, =150kPa | v, =0.001053, v, =1.1594 m*/kg 
x, = 0.25 u p =466.97, u p =2052.3 kJ/kg 


Vi =V; + XIV g =0.001053 + [0.25 x (1.1594 — 0.001053)]= 0.29065 m*/kg 2 
Uy =U p + XU p =466.97 + (0.25 x 2052.3)= 980.03 kI/kg 


v, =v; =0.29065 m°/kg| = ! 
sat.vapor Ha =U 9@0.29065 miikg = 2909-7 Kiikg ” 
Substituting, 
1 A 
(110 V)(8 A)At = (2 kg)(2569.7 — osoo ye WOON) 
s 


At =33613 s = 60.2 min 
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> 
4-33 Problem 4-32 is reconsidered. The effect of the initial mass of water on the length of time required to 
completely vaporize the liquid as the initial mass varies from | kg to 10 kg is to be investigated. The vaporization time is to 
be plotted against the initial mass. 


Analysis The problem is solved using EES, and the solution is given below. 


PROCEDURE P2x2(v[1}:P[2].x[2]) 
Fluid$='Steam_IAPWS 

If v[1] > V_CRIT(Fluid$) then 
P[2]=pressure(Fluid$,v=v[1],x=1) 
x[2]=1 

else 
P[2]=pressure(Fluid$,v=v[1],x=0) 
x[2]=0 

Endlt 

End 


"Knowns" 

{m=2 [kg]} 
P[1]=150 [kPa] 
y=0.75 "moisture" 
Volts=110 [V] 

1=8 [amp] 


"Solution" 

“Conservation of Energy for the closed tank:" 
E_dot_in-E_dot_out=DELTAE_dot 
E_dot_in=W_dot_ele "[kW]" 
W_dot_ele=Volts*I*CONVERT(J/s,kW) "[kW]" 
E_dot_out=0 "[kW]" 
DELTAE_dot=m*(u[2]-u[1])/DELTAt_s "[kW]" 
DELTAt_min=DELTAt_s*convert(s,min) “[min]" 
"The quality at state 1 is:" 

Fluid$='Steam_IAPWS' 

x[1]=1-y 

u[1J=INTENERGY (Fluid$,P=P[1], x=x[1]) "[kJ/kg]" 
v[1J=volume(Fluid$,P=P[1], x=x[1]) "[m^3/kg]" 
T[1]=temperature(Fluid$,P=P[1], x=x[1]) "[C]" 
"Check to see if state 2 is on the saturated liquid line or saturated vapor line:" 
Call P2X2(v[1]:P[2],x[2]) 

u[2]=INTENERGY (Fluid$,P=P[2], x=x[2]) "[kJ/kg]" 
v[2]=volume(Fluid$,P=P[2], x=x[2]) "[m^3/kg]" 
T[2]=temperature(Fluid$,P=P[2], x=x[2]) "[C]" 
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Steam j~pws 


T [°C] 


655 kPa T J 
100 150 kPa a 4 
1 4 
0 L L L L 
10°3 10°72 1072 10° 101 102 
v [m*/kg] 
Atmin m 350 T T T T T T T T T 
[min] [kg] E ] 
30.11 1 1 
60.21 2 m 
90.32 3 250 p 
120.4 4 T J 
150.5 5 = 200 a 
180.6 6 -Z a | 
210.7 7 = 150 ia 
240.9 8 2 P | 
301.1 10 a | 
i 
50] 
0 1 1 1 1 L i 1 1 1 
1 2 3 9 10 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-24 


4-34 Saturated water vapor is isothermally condensed to a saturated liquid in a piston-cylinder device. The heat transfer and 
the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


AE 


E ao E out system 
—=—— I 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
; Water 
in = AU = m(u, -u since KE = PE = 0 
Wr in Oout U ( 2 1) ( ) 200°C Heat 
Qout = Wb in -Mu =u) sat. vapor 


The properties at the initial and final states are (Table A-4) 
T, =200°C | v; =v, =0.12721m° /kg T 
x, =1 Uy =u = 2594.2 kJ/kg 

P, = P, =1554.9 kPa 

T, = a v, =v; =0.001157 m° /kg 


Xa =0 Uy Ur = 850.46 kJ/kg 


The work done during this process is 


2 1k 
Wp out =| PdV = P(v, - v) = (1554.9 kPa)(0.001157—0.12721) min Te = —196.0 kJ/kg 
i 1 a "mMm 
That is, 
Wy in = 196.0 kJ/kg 


Substituting the energy balance equation, we get 


dout = Wb,in (U2 Uy) = Wy in +U g =196.0+ 1743.7 = 1940 kJ/kg 
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4-35 Water contained in a rigid vessel is heated. The heat transfer is to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved 3 The thermal energy stored in the vessel itself is negligible. 


Analysis We take water as the system. This is a closed system since no mass enters or 
leaves. The energy balance for this stationary closed system can be expressed as 


E -E = AE, 
in out system Water Q 
Net energy transfer ange in internal, kinetic. 
by heat wrote and mass eda ee eee, , 10L at 
Qin =AU =m(u,-u,) (since KE = PE=0) 100°C 
x = 0.123 
The properties at the initial and final states are (Table A-4) 
T, = 100°C | v; =v; +xV p = 0.001043 + (0.123)(1.6720 — 0.001043) = 0.2066 m? /kg 
xı =0.123 j| u; =u p +xu p = 419.06 + (0.123)(2087.0) = 675.76 kJ/kg 
V,—-V .2066-0.001091 
: ‘ce BOF A 0.2066-0.00109 = 0.5250 F 
T, =150°C V g 0.39248-0.001091 
v, =v] = 0.2066 m? /kg | U2 =U f +X p 2 
= 631.66 + (0.5250)(1927.4) = 1643.5 kJ/kg 
The mass in the system is i 
V, 3 
rs ONO asie M 


vi 0.2066 m3/kg 


Substituting, 
Qin = m(u, — u) = (0.04841 kg)(1643.5— 675.76) kJ/kg = 46.9 kJ 
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4-36 Saturated vapor water is cooled at constant temperature (and pressure) to a saturated liquid. The heat rejected is to be 


determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 


compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 


energy balance for this stationary closed system can be expressed as 


E in E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qout Wb our = AU =m(u,—u,) (since KE = PE = 0) 
—Qout = Wb ou + MU, =u) 
-Qot = Mh, —h) 
Qou = Mha — hy) 
Jour =A -M 


since AU + W, = AH during a constant pressure quasi-equilibrium process. 


Since water changes from saturated liquid to saturated vapor, we have 


dou = hg -hp = h pasoa =2163.5kJIkg (Table A-5) 


Note that the temperature also remains constant during the process and it 
is the saturation temperature at 300 kPa, which is 133.5°C. 


N 
ak 
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4-37 Saturated vapor water is cooled at constant pressure to a saturated liquid. The heat transferred and the work done are 


to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 


compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 


energy balance for this stationary closed system can be expressed as 


E in E out = AE system 
a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Jout — Wb our = ÂU =u =u; (since KE = PE = 0) 
— out = Wh,ow + (U2 =u) 
— Gout = Ay -A 
out =h -M 


since Au + w, = AA during a constant pressure quasi-equilibrium 
process. Since water changes from saturated liquid to saturated vapor, 
we have 


dou = hy -hp =h g@srpa = 2318.4 kJIkg (Table A-5) 


The specific volumes at the initial and final states are 
Vi =Ve@aonra = 3.993m" /kg 


V, =V F @4okpa = 0.001026 m° /kg 


Then the work done is determined from 


2 
Wout = Í _ PdV = P(v, - v, ) = (40 KPa)(0.001026 - 3.9933)m? H 


Q 
P 
2 1 
Vv 
Aa ) = 159.7 kJ/kg 
1kPa-m? 
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4-38 A cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated electrically as it is 
stirred by a paddle-wheel at constant pressure. The voltage of the current source is to be determined, and the process is to 


be shown on a P-v diagram. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The cylinder is well- 
insulated and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 


compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 


energy balance for this stationary closed system can be expressed as 


Ein m E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein + Wait ~ Wout =AU (since Q = = PE= 0) 


Wein + W iin = m(hy = hy) 
(VIAt) “6 W pwin = m(h, = hy) 
since AU + W, = AH during a constant pressure quasi-equilibrium 


process. The properties of water are (Tables A-4 through A-6) 
R =175 a h = hf@175 kra = 487.01 kJ/kg 


sat.liquid Vi = Yy@i7s kea = 0.001057 m°/kg 
P, =175 kPa 
hy = h; + xh p = 487.01 + (0.5 x 2213.1) = 1593.6 kJ/kg 
Xz = 0.5 ý ù 
_Y 0.005 m? 


7 =4.731 kg 
vı 0.001057 m°/kg 


Substituting, 
VIAt + (400kJ) = (4.731 kg)(1593.6 — 487.01)kJ/kg 
VIAt = 4835 kJ 


4835 kJ a VA 


Sea = 223.9 V 
(8 A)(45x60s)\ 1 kI/s 


H,O 
P=const. 
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4-39 @ A cylinder equipped with an external spring is initially filled with steam at a specified state. Heat is transferred 
to the steam, and both the temperature and pressure rise. The final temperature, the boundary work done by the steam, and 
the amount of heat transfer are to be determined, and the process is to be shown on a P-vdiagram. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the cylinder itself is negligible. 3 The compression or expansion process is quasi-equilibrium. 4 The spring is a 
linear spring. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Noting 
that the spring is not part of the system (it is external), the energy balance for this stationary closed system can be expressed 
as 


E in E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin -Wb out = AU =m(u,—-u,) (since KE = PE = 0) 


Qin = MU — Uy) + Wy out 


The properties of steam are (Tables A-4 through A-6) 


P, = 200 kPa | v, =1.08049 m*/kg 
T,=200°C Í u, =2654.6 kJ/kg d 
V, 4m} 
Vie 0 a = 0.3702 kg Pa 
vi 1.08049 m2/kg 
v. 6m? 
E ora is 
m 0.3702 kg 


P, = 250 kPa | T, =606°C 


v, =1.6207 m3/kg | u =3312.0 kJ/kg 


(b) The pressure of the gas changes linearly with volume, and thus the process curve on a P-V diagram will be a straight 
line. The boundary work during this process is simply the area under the process curve, which is a trapezoidal. Thus, 


(0.6 oam | =45 kJ 
1 


) = (200+ 250)kPa 


RAR 
W, = Area =- 5 2 ( 


V-V 
= Pa-m 
(c) From the energy balance we have 


Qin = (0.3702 kg)(3312.0 - 2654.6)kJ/kg + 45 kJ = 288 kJ 
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4-30 


EES 
4-40 Problem 4-39 is reconsidered. The effect of the initial temperature of steam on the final temperature, the work 
done, and the total heat transfer as the initial temperature varies from 150°C to 250°C is to be investigated. The final results 
are to be plotted against the initial temperature. 


Analysis The problem is solved using EES, and the solution is given below. 


"The process is given by:" 

"P[2]=P[1]+k*x*A/A, and as the spring moves 'x' amount, the volume changes by V[2]-V[1]." 
P[2]=P[1]+(Spring_const)*(V[2] - V[1]) "P[2] is a linear function of V[2]" 

"where Spring_const = K/A, the actual spring constant divided by the piston face area" 


"Conservation of mass for the closed system is:" 
m[2]=m[1] 


"The conservation of energy for the closed system is" 

"E_in-E out =DeltaE, neglect DeltaKE and DeltaPE for the system" 
Q_in- W_out = m[1]*(u[2]-u[1]) 

DELTAU=m[1}*(u[2]-u[1]) 


"Input Data" 
P[1]=200 [kPa] 
V[1]=0.4 [m^3] 
T[1]=200 [C] 
P[2]=250 [kPa] 
V[2]=0.6 [m^3] 


Fluid$='Steam_IAPWS' 


m[1]=V[1]/spvol[1] 
spvol[1]=volume(Fluid$,T=T[1], P=P[1]) 
u[1]=intenergy(Fluid$, T=T[1], P=P[1]) 
spvol[2]=V[2]/m[2] 


"The final temperature is:" 
T[2]=temperature(Fluid$, P=P[2],v=spvol|[2]) 


u[2]=intenergy(Fluid$, P=P[2], T=T[2]) 

Wnet_other = 0 

W_out=Wnet_other + W_b 

"W_b = integral of P[2]*dV[2] for 0.5<V[2]<0.6 and is given by:" 
W_b=P[1]*(V[2]-V[1])+Spring_const/2*(V[2]-V[1])*2 
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4-32 
4-41 A room is heated by an electrical radiator containing heating oil. Heat is lost from the room. The time period during 
which the heater is on is to be determined. 
Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 


at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 The local atmospheric pressure is 100 kPa. 5 The room is air-tight so that no air leaks in and out during the 
process. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, cy= 0.718 kJ/kg.K for air at room 
temperature (Table A-2). Oil properties are given to be p = 950 kg/m? and Cp = 2.2 kI/kg.°C. 


Analysis We take the air in the room and the oil in the radiator to be the system. 
This is a closed system since no mass crosses the system boundary. The energy 


balance for this stationary constant-volume closed system can be expressed as 10°C Room 
E -E = AE ; 
in 7 “out system Radiator 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wa z Osu) At > AU ir an AU gil 
=[me,(T, -T))hair + [me — Toi (Since KE = PE = 0) 


The mass of air and oil are 


PV. à 
Ea (100 kPa)(50 m°) -6232kg 


œ RT, (0.287kPa-m3/kg-K)(10 +273 K) 
Moil = Poi Vi = (950 kg/m? (0.030 m?) = 28.50 kg 


Substituting, 
(1.8—0.35 kJ/s)At = (62.32 kg)(0.718 kJ/kg -°C)(20 —10)°C + (28.50 kg)(2.2 kJ/kg -°C)(50—10)°C 
—> At = 2038 s = 34.0 min 


Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to using AH instead of use AU in heating and air-conditioning 
applications. 
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4-42 A saturated water mixture contained in a spring-loaded piston-cylinder device is heated until the pressure and volume 
rise to specified values. The heat transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed 


= : : P 
system since no mass enters or leaves. The energy balance for this stationary 
closed system can be expressed as 225 kPa 
E in E out = AE system 
— YH SY 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 75 kPa 


Qin -Wb our = AU =m(u, -u;) (since KE = PE= 0) 


Qin =Wo ow + mM(uz =u) 


The initial state is saturated mixture at 75 kPa. The specific volume and 
internal energy at this state are (Table A-5), 


Vi =V; +xV p = 0.001037 + (0.08)(2.2172— 0.001037) = 0.1783 m3/kg 
uy =U p +xu p =384.36+ (0.08)(2111.8) = 553.30 KJ/kg 
1 f Je 


The mass of water is 


v 3 
Eaa —=11.22kg 
vı 0.1783 m°/kg 
The final specific volume is 
v 3 
a aa P yis e 
m 11.22kg 


The final state is now fixed. The internal energy at this specific volume and 225 kPa pressure is (Table A-6) 
u, =1650.4 kJ/kg 
Since this is a linear process, the work done is equal to the area under the process line 1-2: 


1kJ 


1kPa-m 


P, +P, _ (15+225)kPa 


W, out = Area = (V, v) (5 2m 3 = 450kJ 


Substituting into energy balance equation gives 


Qin =W, ou + (Uz uy) = 450 KJ + (11.22 kg)(1650.4 - 553.30) kJ/kg = 12,750 kJ 
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4-34 
4-43 R-134a contained in a spring-loaded piston-cylinder device is cooled until the temperature and volume drop to 


specified values. The heat transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in E out AE system 
a) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies P 


Wy in ~Qour = AU =m(uy—-u,) (since KE = PE= 0) 


600 kPa 
Qot = W, in -m(u, =u) 


The initial state properties are (Table A-13) 


P, = 600 kPa | v, = 0.055522 m° / kg 
T, =15°C u, = 357.96 kJ/kg 


The mass of refrigerant is 


(7) 3 
E S = 5.4033 kg 


vi 0.055522 m3/kg 


The final specific volume is 


v. im? 
pez aN 20 oi8s07 mine 
m  5.4033kg 


The final state at this specific volume and at -30°C is a saturated mixture. The properties at this state are (Table A-11) 


V2 —VYf _ 0.018507 —0.0007203 


x = = 0.079024 
v,-v, 0.22580 —0.0007203 

My =U p +X3U p =12.59 + (0.079024)(200.52) = 28.44 kJ/kg 

P, =84.43 kPa 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


-= -68.44kJ 
lk ; 


P +P. 
= (V, -V,)= 
2 Pa-m 


(600+ S45 KPa (03-0. bm { 


Substituting into energy balance equation gives 


Oou = Wp in — (Uy — uy) = 68.44 KJ — (5.4033 kg)(28.44 — 357.96) kJ/kg = 1849 kJ 
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4-44E Saturated R-134a vapor is condensed at constant pressure to a saturated liquid in a piston-cylinder device. The heat 
transfer and the work done are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


En nE AE 


in out system 
KH 
Net energy transfer Change in internal, kinetic, | sis 
by heat, work, and mass potential, etc. energies Q 
Wrin ~Qour = AU =m(u,—u,) (since KE = PE = 0) R-134a b 
fe} 
Qout = W, in =m(u, =u) E 


The properties at the initial and final states are (Table A-11E) 


T, A vi =v, =0.34045 ft? / Ibm T 


x =l u, =u, =107.45 Btu/lbm 


T I v, =v; =0.01386 ft* / Ibm 


x, =0 uy =u s = 44.768 Btu/lbm 
Also from Table A-11E, 


P, = P, =138.93 psia v 
u g= 62.683 Btu/lbm 
h jg = 71.080 Btu/lbm 


The work done during this process is 


2 
Wy out = f Pdv = P(v, — 4) = (138.93 psia)(0.0 1386 — 0.34045) ft?/1b og = -8.396 Btu/lbm 
i 1 5.404 psia- ft 
That is, 
Wb in = 8.396 Btu/lbm 


Substituting into energy balance equation gives 


dout = Wb,in — (U2 Uy) = Wy in +U p = 8.396 + 62.683 = 71.080 Btullbm 


Discussion The heat transfer may also be determined from 


Gout = hy -h 
Jout =A g = 71.080 Btu/lbm 


since AU + W, = AH during a constant pressure quasi-equilibrium process. 
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4-45 Saturated R-134a liquid is contained in an insulated piston-cylinder device. Electrical work is supplied to R-134a. The 
time required for the refrigerant to turn into saturated vapor and the final temperature are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 


compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 


energy balance for this stationary closed system can be expressed as 


Ein a E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Win -Wr ou = AU =m(u,—u,) (since KE = PE = 0) 
Wein z W, out + muy =u) 
Wein =H -HĦ; =m(hy -h) =mh jp 
Wein At = mh g 


since AU + W, = AH during a constant pressure quasi-equilibrium process. The 
electrical power and the enthalpy of vaporization of R-134a are 


Wein = VI =(10 V)(2 A) = 20 W 


h je @-sec = 202.34 kI/kg (Table A -11) 


Substituting, 


(0.020 kJ/s)At = (2 kg)(202.34kJ/kg) —> At = 8093s =2.25h 


The temperature remains constant during this phase change process: 


T, =T, =-5°C 


= 
N 
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4-46 Two tanks initially separated by a partition contain steam at different states. Now the partition is removed and they are 
allowed to mix until equilibrium is established. The temperature and quality of the steam at the final state and the amount of 
heat lost from the tanks are to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy 
changes are zero. 2 There are no work interactions. 


Analysis (a) We take the contents of both tanks as the system. This is a closed 
system since no mass enters or leaves. Noting that the volume of the system is 
constant and thus there is no boundary work, the energy balance for this 
stationary closed system can be expressed as 


Ein =E out = AE 


system 
—— — 
Net energy transfer Change in internal, kinetic, Q 
by heat, work, and mass potential, etc. energies 


-Oyu =AU 4 +AU p =[m(u, -u,)]; + [mu -u,)|, (since W = KE = PE = 0) 
The properties of steam in both tanks at the initial state are (Tables A-4 through A-6) 


P 4 =1000 kPa |y, , = 0.25799 m*/kg 
T 4 =300°C fu; 4 = 2793.7 kJ/kg 


T, g =150°C | v, =0.001091, v, =0.39248 m*/kg 
xı =0.50 f up =631.66, up =1927.4 kJ/kg 
Vig =V; +XV g = 0.001091 + [0.50 x (0.39248 - 0.001091)] = 0.19679 mĉ°/kg 
U g =U p +X {Uy = 631.66 + (0.50x1927.4) = 1595.4 kJ/kg 


The total volume and total mass of the system are 
V =V; +V; =Mm4V; 4 +MgV g = (2kg)(0.25799 m*/kg) + (3 kg)(0.19679 m*/kg) = 1.106 m? 
m=m,+mp, =34+2=5kg 

Now, the specific volume at the final state may be determined 


1.106 m? 
joe pinks 
m 5kg 


which fixes the final state and we can determine other properties 


T, = Tat @ 300 kPa = 133.5°C 
P, = 300 kPa ew “278s _ 0.22127 - 0.001073 
v, = 0.22127 m/kg] ° ¥,-vy 0.60582- 0.001073 
Wy = Up + XU g = 561.11 + (0.3641 x 1982.1) = 1282.8 kJ/kg 


= 0.3641 


(b) Substituting, 


-Qot =AU 4 +AU} = [m(u, -u,)], + [m(u, -u )]; 
= (2 kg)(1282.8 — 2793.7)kJ/kg + (3 kg)(1282.8 — 1595.4)kJ/kg = -3959 kJ 


or 


Oom =3959 kJ 
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Specific Heats, Au and Ah of Ideal Gases 


4-47C It can be either. The difference in temperature in both the K and °C scales is the same. 


4-48C It can be used for any kind of process of an ideal gas. 


4-49C It can be used for any kind of process of an ideal gas. 


4-50C Very close, but no. Because the heat transfer during this process is Q = mc,AT, and c, varies with temperature. 


4-51C The energy required is mc,AT, which will be the same in both cases. This is because the c, of an ideal gas does not 
vary with pressure. 


4-52C The energy required is mc,AT, which will be the same in both cases. This is because the c, of an ideal gas does not 
vary with volume. 


4-53C Modeling both gases as ideal gases with constant specific heats, we have 
Au=c,AT 
Ah=c,AT 
Since both gases undergo the same temperature change, the gas with the greatest c, will experience the largest change in 


internal energy. Similarly, the gas with the largest cp will have the greatest enthalpy change. Inspection of Table A-2a 
indicates that air will experience the greatest change in both cases. 


4-54 The desired result is obtained by multiplying the first relation by the molar mass M, 
Mc, = Mc, + MR 


or c,=c, +R 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-39 


4-55 The enthalpy change of oxygen is to be determined for two cases of specified temperature changes. 
Assumptions At specified conditions, oxygen behaves as an ideal gas. 

Properties The constant-pressure specific heat of oxygen at room temperature is c, = 0.918 kJ/kg-K (Table A-2a). 
Analysis Using the specific heat at constant pressure, 


Ah = c „AT = (0.918 kJ/kg -K)(200 -150)K = 45.9 kJ/kg 


If we use the same room temperature specific heat value, the enthalpy change will be the same for the second case. 
However, if we consider the variation of specific heat with temperature and use the specific heat values from Table A-2b, 
we have c, = 0.956 kJ/kg-K at 175°C (= 450 K) and c, = 0.918 kJ/kg-K at 25°C (= 300 K). Then, 


Ah, =c „AT, = (0.956 kJ/kg -K)(200 -150)K = 47.8 kJ/kg 
Ah, =c, AT, = (0.918 kJ/kg -K)(50—0)K = 45.9 kJ/kg 


The two results differ from each other by about 4%. The pressure has no influence on the enthalpy of an ideal gas. 


4-56E Air is compressed isothermally in a compressor. The change in the specific volume of air is to be determined. 
Assumptions At specified conditions, air behaves as an ideal gas. 
Properties The gas constant of air is R = 0.3704 psia-ft?/lbm-R (Table A-1E). 


Analysis At the compressor inlet, the specific volume is 


ia-ft3/Ibm- PN 2 
we RT _ (0.3704 psia - ft Abm R)X(70+460R) | 9.816 ft?/lbm 
P 20 psia 
Similarly, at the compressor exit, 
: 3 1 
Ke RT _ (0.3704 psia -ft don R)(70 +460 R) _ 1.309 ft? ibm 
P, 150 psia Y 


The change in the specific volume caused by the compressor is 


Av =v, -v =1.309 -9.816 = -8.51 ft? /Ibm 


4-57 The total internal energy changes for neon and argon are to be determined for a given temperature change. 
Assumptions At specified conditions, neon and argon behave as an ideal gas. 


Properties The constant-volume specific heats of neon and argon are 0.6179 kJ/kg-K and 0.3122 kJ/kg-K, respectively 
(Table A-2a). 


Analysis The total internal energy changes are 


AU noon = mC AT = (2kg)(0.6179 kJ/kg -K)(180—20)K = 197.7 kJ 


neon 


AU peon = MCyAT = (2 kg)(0.3122 kJ/kg -K)(180—20)K = 99.9 kJ 


argon 
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4-58 The enthalpy changes for neon and argon are to be determined for a given temperature change. 


Assumptions At specified conditions, neon and argon behave as an ideal gas. 
Properties The constant-pressure specific heats of argon and neon are 0.5203 kJ/kg-K and 1.0299 kJ/kg-K, respectively 
(Table A-2a). 
Analysis The enthalpy changes are 
Ah = ¢ ,AT = (0.5203 kJ/kg -K)(25 —100)K = -39.0 kJ/kg 
Ah acon =C pAT = (1.0299 kJ/kg -K)(25 -100)K = -77.2 kJ/kg 


argon 


neon 


4-59E The enthalpy change of oxygen gas during a heating process is to be determined using an empirical specific heat 
relation, constant specific heat at average temperature, and constant specific heat at room temperature. 


Analysis (a) Using the empirical relation for c,, (7) from Table A-2Ec, 
ER 2 3 
C, =a+bT +cT° +dT 
where a = 6.085, b = 0.2017x10?, c = -0.05275x10°, and d = 0.05372x10°. Then, 
— p2 2 
ak =| z (rat =| la+bT+cT? +ar yr 
1 1 
=a(T, -T,)+4b(T? +T/)+4e(T; -T;)++d(T; -TŹ) 


= 6.085(1500 — 800) + + (0.2017 x 10-* (15007 — 8007) 
-5 3 3 -9 4 4 
-1 (0.05275 x 10~°)(1500° — 800°) + 1 (0.05372 x 107° )(1500* — 800%) 


= 5442.3 Btu/Ibmol 
peel Balbo fon pea/ibin 


M — 31.999 Ibm/Ibmol 
(b) Using the constant c, value from Table A-2Eb at the average temperature of 1150 R, 
pave =Cp@iiso R = 9.242 Btu/Ibm-R 
Ah = Cy avg (T2 — T,) = (0.242 Btu/Ibm - R)(1500 — 800) R = 169 Btu/Ibm 


c 


c) Using the constant c, value from Table A-2Ea at room temperature, 
8 Pp p 


Cp avg = Cp@s37R = 9.219 Btu/Ibm-R 
Ah = € p avg (T2 — T1) = (0.219 Btu/lbm - R)(1500 — 800)R = 153 Btu/lbm 
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4-60 The internal energy change of hydrogen gas during a heating process is to be determined using an empirical specific 
heat relation, constant specific heat at average temperature, and constant specific heat at room temperature. 


Analysis (a) Using the empirical relation for c,,(7) from Table A-2c and relating it to c, (T), 
Z, (T)=2,-R, =(a-R, )+bT +cT? +dT° 
where a = 29.11, b = -0.1916x10°, c = 0.4003x10°, and d = -0.8704x10°. Then, 
2 2 
ai =| e(ryar = | (a-R,)+bT+cT? ar pr 
1 1 
=(a-R, XT, -T) + $y +TP) +e - 1) + 4d (Ty -T') 
= (29.11 —8.314)(800 — 200) — 4(0.1961x 10 *)(8007 — 2007) 
+ £(0.4003 x 10™°)(800° — 200°) — £(0.8704 x 107° X(8004 — 200*) 
= 12,487 kJ/kmol 


_ Aw _ 12,487 kJ/kmol 


= 6194 kJ/kg 
M 2.016 kg/kmol 


Au 


(b) Using a constant c, value from Table A-2b at the average temperature of 500 K, 


Cy@500 p= 10.389 kJ/kg -K 
T, - T,) = (10.389 KJ/kg -K)(800 — 200)K = 6233 kJ/kg 


Cy avg = 


Au = Cy avg( 


(c) Using a constant c, value from Table A-2a at room temperature, 


Cy avg 7 Cv@300 K = 10.183 kJ/kg -K 
AU = Cy avg (T3 =) = (10.183 kJ/kg - K)(800 — 200)K = 6110 kJ/kg 


v,avg 
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4-61E A spring-loaded piston-cylinder device is filled with air. The air is now cooled until its volume decreases by 50%. 
The changes in the internal energy and enthalpy of the air are to be determined. 


Assumptions At specified conditions, air behaves as an ideal gas. 


Properties The gas constant of air is R = 0.3704 psia-ft*/lbm-R (Table A-1E). The specific heats of air at room temperature 
are cy= 0.171 Btu/Ibm-R and c, = 0.240 Btu/Ibm-R (Table A-2Ea). 


Analysis The mass of the air in this system is 


: 3 
pedis tp) = 0.7336 Ibm 
RT, (0.3704 psia - ft” /Ibm - R)(460 + 460 R) 1 


The final specific volume is then P 
2 


v. 3 
_% _ 950) _ 9 cei6 ft?/lbm 
m — 0.73361bm Í 


v2 


As the volume of the air decreased, the length of the spring will increase by 


3 
ig BE AY OO) nin n= aihoomn 
A, -D?/4 2(10/12 ft)? 


The final pressure is then 


Be pep see e es kh 
A, Ap aD /4 
=250 psia ae = 249.3 Ibf/in2 
77(10 in) 
= 249.3 psia 


Employing the ideal gas equation of state, the final temperature will be 


OPV _ (249.3 psia)(0.5 ft?) 


s ——— __ = 458.7 
mR (0.7336 Ibm)(0.3704 psia - ft?/Ibm - R) 


T, 


Using the specific heats, 


Au =c,AT = (0.171 Btu/Ibm- R)(458.7 —920)R = -78.9 Btullbm 
Ah = c „AT = (0.240 Btu/Ibm- R)(458.7 -920)R = -110.7 Btu/lbm 
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Closed System Energy Analysis: Ideal Gases 


4-62C No, it isn't. This is because the first law relation Q - W = AU reduces to W = 0 in this case since the system is 
adiabatic (Q = 0) and AU = 0 for the isothermal processes of ideal gases. Therefore, this adiabatic system cannot receive 
any net work at constant temperature. 


4-63 Oxygen is heated to experience a specified temperature change. The heat transfer is to be determined for two cases. 


Assumptions 1 Oxygen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 154.8 K and 5.08 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific 
heats can be used for oxygen. 


Properties The specific heats of oxygen at the average temperature of (20+120)/2=70°C=343 K are c, = 0.927 kJ/kg-K and 
cy = 0.667 kJ/kg-K (Table A-2b). 


Analysis We take the oxygen as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for a constant-volume process can be expressed as 


Ein = E out = AE system 
a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Q 
Qin = AU =mc (T, -T,) 
The energy balance during a constant-pressure process (such as in a piston- 
cylinder device) can be expressed as 
E in E out =, AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin -W out =AU 


Qin = Wy, out +AU 
Qin = AH =mc , (1, -T;) 


since AU + W, = AH during a constant pressure quasi-equilibrium process. 
Substituting for both cases, 


Oin yconst = Cy (Ty —T,) = (1 kg)(0.667 kJ/kg -K)(120 — 20)K = 66.7 kJ 


Qin, p-const = MC p(T) —T,) = (1kg)(0.927 kJ/kg -K)(120 -20)K = 92.7 kJ 
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4-64E The air in a rigid tank is heated until its pressure doubles. The volume of the tank and the amount of heat transfer are 
to be determined. 

Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
221°F and 547 psia. 2 The kinetic and potential energy changes are negligible, Ape = Ake = 0 . 3 Constant specific heats at 


room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 


Properties The gas constant of air is R = 0.3704 psia.ft?/Ibm.R (Table A-1E). 


Analysis (a) The volume of the tank can be determined from the ideal gas relation, Air 
> BS 20 Ibm 
Ve mRT, _ (20 lbm)(0.3704 psia - ft” /Ibm - R)(540 R) -80.0 ft? 50 psia 


P 50 psia 80°F 


(b) We take the air in the tank as our system. The energy balance for 
this stationary closed system can be expressed as 


E in E out E system 
—_- 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin =AU 


Qin = m(u, —U,) = me, (T, -T,) 


The final temperature of air is 


AV PW L, Tr, -Ën =2x(540 R) =1080 R 
T. G R 


The internal energies are (Table A-17E) 
uy = Ua 540R — 92.04 Btu / Ibm 
Uy = U@1080R = 186.93 Btu / Ibm 


Substituting, 
Qin = (20 Ibm)(186.93 - 92.04)Btu/Ibm = 1898 Btu 


Alternative solutions The specific heat of air at the average temperature of Tavg = (540+1080)/2= 810 R = 350°F is, from 
Table A-2Eb, Cyayg = 0.175 Btu/lbm.R. Substituting, 


Qin = (20 Ibm)( 0.175 Btu/Ibm.R)(1080 - 540) R = 1890 Btu 


Discussion Both approaches resulted in almost the same solution in this case. 
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4-65E Heat is transferred to air contained in a rifid container. The internal energy change is to be determined. 


Assumptions 1 Air is an ideal gas since it is probably at a high temperature and low pressure relative to its critical point 
values of 238.5 R and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 3 Constant 
specific heats at room temperature can be used for air. 


Analysis We take air as the system. This is a closed system since no mass crosses the boundaries of the system. The energy 
balance for this system can be expressed as 


Ein > E out = AE system 
in a 
Net energy transfer Change in internal, kinetic, Air Pa Q 
by heat, work, and mass potential, etc. energies 


din = Au (since KE = PE= 0) 


Substituting, 
Au = qi, = 50 Btu/lbm 


4-66E Paddle Wheel work is applied to nitrogen in a rigid container. The final temperature is to be determined. 


Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K (227.1 R) and 3.39 MPa (492 psia). 2 The kinetic and potential energy changes are negligible, Ake = Ape= 0.3 


Constant specific heats at room temperature can be used for nitrogen. 


Properties For nitrogen, cy = 0.177 Btu/Ibm-R at room temperature and R = 0.3830 psia - ft?/Ibm-R (Table A-1E and A- 
2Ea). 


Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 


Ein — E out c AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Nitrogen 
W win = AU = mc, (T, -T,) (since KE = PE =0) 20 psia 
100°F Wow 
The mass of nitrogen is 
PV 20 psia)(1 ft? 
=i". ei = 0.09325 Ibm 
RT, (0.3830 psia - ft” /Ibm - R)(560 R) 
Substituting, 
W sein =me, T = T,) 
1 Btu 
(5000 lbf - ft) ——————_ = (0.09325 Ibm)(0.177 Btu/Ibm- R)(T, —560)R 


778.17 lbf -ft 
T, = 949 R = 489°F 
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4-67 Nitrogen in a piston-cylinder device undergoes an isobaric process. The final pressure and the heat transfer are to be 
determined. 


Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K (227.1 R) and 3.39 MPa (492 psia). 2 The kinetic and potential energy changes are negligible, Ake = Ape= 0.3 


Constant specific heats at room temperature can be used for nitrogen. 

Properties For nitrogen, c, = 1.039 kJ/kg-K at room temperature (Table A-2a). 

Analysis Since this is an isobaric pressure, the pressure remains constant during the process and thus, 
P, = P =1MPa 


We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. The energy 
balance for this system can be expressed as 


E in E out = AE system 
—Sa — -_— 
: Net energy m Change in internal, kinetic, 
eat, work, and mass i i i 
y potential, etc. energies Nitro gen 
— out 7 Wb,ow = AU =(uz—u,) (since KE = PE = 0) 1 MPa Q 


427°C 


— out = Wp out +(uy =u) 
— out =h,-h, 
J out =mce ,(T, -T,) 


since Au + w, = AA during a constant pressure (isobaric) quasi-equilibrium process. Substituting, 


dou = Cp (T, - T3) = (1.039 kI/kg -°F)(427 — 27)°F = 416 kJ/kg 
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4-68 A resistance heater is to raise the air temperature in the room from 5 to 25°C within 11 min. The required power rating 
of the resistance heater is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 
at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 Heat losses from the room are negligible. 5 The room is air-tight so that no air leaks in and out during the 
process. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, cy= 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 


Analysis We take the air in the room to be the system. This is a closed system since no mass crosses the system boundary. 
The energy balance for this stationary constant-volume closed system can be expressed as 


E in > E out = AE system 
SSS a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein =AU = MC y avg (T STi) (since Q =KE =PE = 0) 
3 
fe 4x5x6 m 
5°C 
W, inAt = My ave(1> T T) AIR 
W. 
The mass of air is 


V =4x5x6=120 m? 
PV (100 kPa)(120 m°) 


m= =————— > =150.6 kg 
RT, (0.287 kPa-m/kg- K)(278 K) 


Substituting, the power rating of the heater becomes 


_ (150.6 kg)(0.718 KJ/kg -°C)(25-5)°C 
11x60 s 


= 3.28 kW 


e,in 


Discussion In practice, the pressure in the room will remain constant during this process rather than the volume, and some 
air will leak out as the air expands. As a result, the air in the room will undergo a constant pressure expansion process. 
Therefore, it is more proper to be conservative and to use AH instead of using AU in heating and air-conditioning 
applications. 
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4-69 A student living in a room turns her 150-W fan on in the morning. The temperature in the room when she comes back 
10 h later is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 
at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 
applications. 4 All the doors and windows are tightly closed, and heat transfer through the walls and the windows is 
disregarded. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, cy= 0.718 kJ/kg.K for air at room 
temperature (Table A-2). 


Analysis We take the room as the system. This is a closed system since the doors and the windows are said to be tightly 
closed, and thus no mass crosses the system boundary during the process. The energy balance for this system can be 
expressed as 


Ein = E out = AE system 
uU—,—_~— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies ROOM 
Wein = AU 


4mx6mx6m 


Wom = muy =u) = mc, (T> -T,) 
Fan 
The mass of air is 


V =4x6x6=144 m? 


3 
See: (100 kodam ) -1742kg 
RT, (0.287 KPa - m°/kg - K)(288 K) 


The electrical work done by the fan is 
W, = W.At = (0.15 KJ / s)(10 x 3600 s) = 5400 kJ 
Substituting and using the c, value at room temperature, 
5400 kJ = (174.2 kg)(0.718 kJ/kg-°C)(T> - 15)°C 
T, = 58.2°C 


Discussion Note that a fan actually causes the internal temperature of a confined space to rise. In fact, a 100-W fan supplies 
a room with as much energy as a 100-W resistance heater. 
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4-70E One part of an insulated rigid tank contains air while the other side is evacuated. The internal energy change of the 


air and the final air pressure are to be determined when the partition is removed. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
—221.5°F and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 


at room temperature can be used for air. This assumption results in negligible error in heating and air-conditioning 


applications. 3 The tank is insulated and thus heat transfer is negligible. 


Analysis We take the entire tank as the system. This is a closed 
system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 
E,,-E = AE 
— 


in out system 


S. 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0=AU =mc, (T, -T,) 


Since the internal energy does not change, the temperature of the air will also 


not change. Applying the ideal gas equation gives 


v V,/2 P _ 100psia 
=P = = 


PY, = PV. >P, =P, 
1M F242 2 1Y, V, 2 2 


= 50 psia 


AIR 
1.5 fÉ 


100 psia 
100°F 


Vacuum 
1.5 fÈ 
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4-71 Air in a closed system undergoes an isothermal process. The initial volume, the work done, and the heat transfer are to 
be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 


can be used for air. 
Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein T E out = AE system 
uu ~{_~—Y 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =W iout =AU = mc, (T, -T;) 
Qin =W out =0 (sinceT,; =T) 
Qin = Wr out 


The initial volume is 


_ mRT, _ (2kg)(0.287 KPa -m°/kg- K)(473 K) 
P, 600 kPa 


= 0.4525 mê 


v 


Using the boundary work relation for the isothermal process of an ideal gas gives 


2 oa 7 P 
V 
Wo ou = m| Pav =mRT | = mRT n“ = mRT In 
i i Y V; P, 


600 kPa 


= (2 kg)(0.287 kPa-m?/kg-K)(473 K)In =547.1kJ 
80 kPa 


From energy balance equation, 


Qin = Wo our = 547.1kJ 
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4-72 Argon in a piston-cylinder device undergoes an isothermal process. The mass of argon and the work done are to be 
determined. 


Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
151 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 


Properties The gas constant of argon is R = 0.2081kJ/kg-K (Table A-1). 


Analysis We take argon as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein iga E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin -Wr out =AU = mc, (T, -T,) 
Qin -Wr out =0 (sinceT, =T) 
Qin = W, out 


Thus, 
Wy, out = Qin = 1500 kJ 


Using the boundary work relation for the isothermal process of an ideal gas gives 


2 2 
P, 
Wr, ou = mf Pay = mrt {= mer in 22 = mRT In 
? i Y V; P, 


Solving for the mass of the system, 


W 
TA a _ 1500 kJ —__-13.94Kg 
RTIn— (0.2081 kPa-m3/kg-K)(373 K)In <2 
P, 50 kPa 
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4-73 Argon is compressed in a polytropic process. The work done and the heat transfer are to be determined. 


Assumptions 1 Argon is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
151 K and 4.86 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 


Properties The properties of argon are R = 0.2081kJ/kg-K and c, = 0.3122 kJ/kg-K (Table A-2a). 


Analysis We take argon as the system. This is a closed system since no mass crosses 
the boundaries of the system. The energy balance for this system can be expressed as 


Ein =E o Fa AE 


system Argon 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 120 kPa Q 
= = 10°C 
Qin -Wr out =AU= me, (T: -T,) 


Pv” = constant 


Using the boundary work relation for the polytropic process of an ideal gas gives 


= —109.5 kJ/kg 


Wb out = 


RT (BP | 02081 kiikg- KV283K) aes 
NA 1-1.2 T20 


Thus, 
Wb in =109.5 kJ/kg 


The temperature at the final state is 


(n-1)/n 0.2/1.2 
P 
T, =7| 2 = (283 Kf = =| =388.2K 

P, 120 kPa 


From the energy balance equation, 


din = Wpout + Cy (T — T1) = -109.5 kJ/kg + (0.3122 KJ/kg - K)(388.2 — 283)K = -76.6 kJ/kg 


Thus, 
Jout = 76.6 kJ/kg 
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4-74 Carbon dioxide contained in a spring-loaded piston-cylinder device is heated. The work done and the heat transfer are 


to be determined. 


Assumptions 1 CO, is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0. 


Properties The properties of CO, are R= 0.1889 kJ/kg-K 
and c, = 0.657 kJ/kg-K (Table A-2a). 


Analysis We take CO; as the system. This is a closed system 
since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein a E out = AE system 
__ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =W pion =AU =mc, (T, -T;) 


V (m°) 


The initial and final specific volumes are 


_ mRT, _ (1kg)(0.1889 kPa -m°/kg - K)(298 K) 
O B 100 kPa 


y, = 0.5629 m° 
y, -Rh _ (1kg)(0.1889 kPa -m?/kg- K)(573 K) 


2 =0.1082 m? 
P, 1000 kPa 


Pressure changes linearly with volume and the work done is equal to the area under the process line 1-2: 


P+P 
Wr out = Area = ! . “ (V, -V,) 
100 +1000)kP Ik 
z UDO TOQUE? 79 iig 5620 ee 
1kPa-m 
=~250.1kJ 
Thus, 
W, in =250.1kJ 


Using the energy balance equation, 


Qin =W ou + mCy (Ty —T,) = -250.1 KJ + (1 kg)(0.657 kJ/kg - K)(300 — 25)K = -69.4 kJ 


Thus, 
Oout = 69-4 kJ 
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4-75 A piston-cylinder device contains air. A paddle wheel supplies a given amount of work to the air. The heat transfer is 
to be determined. 
Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
132.5 K and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 
can be used for air. 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein = E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
W seein > W, out T Qin =AU= me, T: z T,) Q 
W pwin 7 Wo out + Qin =0 (since T = T2) 
Qin = W, out = Wise 


Using the boundary work relation on a unit mass basis for the isothermal 
process of an ideal gas gives 


Wout = RT In - = RT In 3 = (0.287 kJ/kg -K)(300 K)In3 = 94.6 kJ/kg 
1 


Substituting into the energy balance equation (expressed on a unit mass basis) gives 


Jin = Wh out —Wpw,in = 94.6- 50 = 44.6 kJ/kg 


Discussion Note that the energy content of the system remains constant in this case, and thus the total energy transfer 
output via boundary work must equal the total energy input via shaft work and heat transfer. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-55 


4-76 A cylinder is initially filled with air at a specified state. Air is heated electrically at constant pressure, and some heat is 
lost in the process. The amount of electrical energy supplied is to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 Air is an ideal gas 
with variable specific heats. 3 The thermal energy stored in the cylinder itself and the resistance wires is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Properties The initial and final enthalpies of air are (Table A-17) 
hy = hark = 298.18 kJ/kg 
Analysis We take the contents of the cylinder as the system. This is a closed 


system since no mass enters or leaves. The energy balance for this closed 
system can be expressed as 


Ein — E out z AE 


system 


y ea teak se 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wein = Qout z Wao out = AU >Wein = m(hy z3 h) + Qout 


since AU + W, = AH during a constant pressure quasi-equilibrium process. Substituting, 
Wrin = (15 kg)(350.49 - 298.18)kJ/kg + (60 kJ) = 845 kJ 


or, 


1 kWh 
3600 kJ 


Wein = asof ) = 0.235 kWh 


Alternative solution The specific heat of air at the average temperature of Ty. = (25+ 77)/2 = 51°C = 324 K is, from Table 
A-2b, Cp avg = 1.0065 kJ/kg.°C. Substituting, 


Wein = mc, (T, — T,) + Qu = (15 kg)(1.0065 kJ/kg.°C)(77 — 25)°C + 60 KJ = 845 kJ 
or, 
W, = (845 k| LY) = 0.235 kwh 
; 3600 kJ 


Discussion Note that for small temperature differences, both approaches give the same result. 
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4-77 A cylinder initially contains nitrogen gas at a specified state. The gas is compressed polytropically until the volume is 
reduced by one-half. The work done and the heat transfer are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 The N3 is an ideal 
gas with constant specific heats. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or 
expansion process is quasi-equilibrium. 


Properties The gas constant of N; is R = 0.2968 kPa.m*/kg.K (Table A-1). The c, value of N; at the anticipated average 
temperature of 350 K is 0.744 kJ/kg.K (Table A-2b). 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass crosses the system 
boundary. The energy balance for this closed system can be expressed as 


Ein F Eut F AE 


system 


—nrn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wain ~ ou = AU = m(Uy — u) 
Wain = Qout me, (T> = T) 


The final pressure and temperature of nitrogen are 


1.3 
v 
PV? = PVP —> P, -( ) P, =2'3(100 kPa) = 246.2 kPa 


V, 
PV, PV. P, Vp, 246.2 KP 
AAi O y een K) =357.0 K 
T BY, 100 kPa 


Then the boundary work for this polytropic process can be determined from 


mac -firay = EAA, n= 
> 1 l-n l-n 
(1.5 kg)(0.2968 ki/kg-K)(357.0-290)K _ gg gy 
1-13 l 


Substituting into the energy balance gives 
Qou = Wein —me,(T, -T;) 
= 99.5 kJ - (1.5 kg)(0.744 kJ/kg.K)(357.0—290)K 
=24.7 kJ 
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> 
4-78 Problem 4-77 is reconsidered. The process is to be plotted on a P-Vdiagram, and the effect of the polytropic 
exponent n on the boundary work and heat transfer as the polytropic exponent varies from 1.1 to 1.6 is to be investigated. 
The boundary work and the heat transfer are to be plotted versus the polytropic exponent. 


Analysis The problem is solved using EES, and the solution is given below. 


Procedure Work(P[2],V[2],P[1],V[1],n:W_in) 
If n=1 then 

W_in=-P[1]*V[1]}*In(V[2]/V[1]) 

Else 

W_in=-(P[2]*V[2]-P[1]*V[1])/(1-n) 

endif 

End 


"Input Data" 


Vratio=0.5 "V[2]/V[1] = Vratio" 
"n=1.3" "Polytropic exponent" 
P[1] = 100 [kPa] 

T[1] = (17+273) [K] 

m=1.5 [kg] 
MM=molarmass(nitrogen) 
R_u=8.314 [kJ/kmol-K] 
R=R_u/MM 


V[1J=m*R*T[1)/P[1] 


"Process equations" 

V[2]=Vratio*V[1] 

P[2}*V[2)/T[2]=P[1]*V[1]/T[1]"The combined ideal gas law for 

states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 
P[2}*V[2}*n=P[1]*V[1]4n 


“Conservation of Energy for the closed system:" 
"E_in-E_out = DeltaE, we neglect Delta KE and Delta PE for the system, the nitrogen." 


Q_out= W_in-m*(u[2]-u[1]) 

u[1]=intenergy(N2, T=T[1]) “internal energy for nitrogen as an ideal gas, kJ/kg" 
u[2]=intenergy(N2, T=T[2]) 

Call Work(P[2],V[2],P[1], V[1],n:W_in) 


"The following is required for the P-v plots" 

{P_plot*spv_plot/T_plot=P[1]*V[1]/m/T[1] 

"The combined ideal gas law for states 1 and 2 plus the polytropic process relation give P[2] and T[2]" 
P_plot*spv_plot*n=P[1]*(V[1]/m)“n} 

{spV_plot=R*T_plot/P_plot"[m“%3]"} 
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Pressure vs. specific volume as function of polytropic exponent 
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4-79 It is observed that the air temperature in a room heated by electric baseboard heaters remains constant even though the 
heater operates continuously when the heat losses from the room amount to 6500 kJ/h. The power rating of the heater is to 


be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of - 
141°C and 3.77 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 The temperature of the 


room is said to remain constant during this process. 


Analysis We take the room as the system. This is a closed system since no mass crosses the boundary of the system. The 
energy balance for this system reduces to 


Ein im Eout z AE system ROOM 
Net energy transfer Change in internal, kinetic. Q 
by heat, work, and mass potential, etc.energies Tair= const. 
Wein z Qout =AU =0 Wrin F Qout W. 
since AU = mc AT = 0 for isothermal processes of ideal gases. Thus, 
Wo, = Oon = (6500 kJ/h)| —KY _) - 1.81 kw 
i 3600 kJ/h 
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4-80 @ A cylinder equipped with a set of stops on the top is initially filled with air at a specified state. Heat is 
transferred to the air until the piston hits the stops, and then the pressure doubles. The work done by the air and the amount 


of heat transfer are to be determined, and the process is to be shown on a P-v diagram. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The kinetic and potential energy changes are negligible, 


Ake = Ape = 0 . 3 The thermal energy stored in the cylinder itself is negligible. 


Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). 


Analysis We take the air in the cylinder to be the system. This is a closed 
system since no mass crosses the boundary of the system. The energy 
balance for this closed system can be expressed as 


= AE. 


Ein A Eout system 
—rn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qn — We our = AU = mu; -u;) 
On = m(u3 ~ u) + We out 


The initial and the final volumes and the final temperature of air are 
determined from 


_ mRT, _ (3 kg)(0.287 kPa-m*/kg - K)(300 K) 


v =1.29 m’? 
P 200 kPa 
V, =2V, =2x1.29 = 2.58 m? 
nM tats > 7, = ap Oa a00 
T T P V, | 200kPa 


No work is done during process 2-3 since V = 4. The pressure remains constant 
during process 1-2 and the work done during this process is 


2 
W, = | PAV = Py(Yy -W) 
1 


IY | sgk 
1k j 


Pa-m 


= (200 kPa)(2.58 — 1.29) m| 


The initial and final internal energies of air are (Table A-17) 
U4 = U@300 K = 214.07 kJ/kg 


Substituting, 
Qin = (3 kg)(933.33 - 214.07)kJ/kg + 258 kJ = 2416 kJ 


Alternative solution The specific heat of air at the average temperature of Tavg = (300 + 1200)/2 = 750 K is, from Table A- 


2b, Crave = 0.800 kI/kg.K. Substituting 
Qin = Muy — u) + Wp ou = me, (T3 — T1) + Wy out 
= (3kg)(0.800 kI/kg.K)(1200 — 300) K + 258 KJ = 2418kJ 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


4-61 


4-81 Air at a specified state contained in a piston-cylinder device with a set of stops is heated until a final temperature. The 
amount of heat transfer is to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape = 0. 
Properties The properties of air are R = 0.287 kJ/kg-K and c, = 0.718 kJ/kg-K (Table A-2a). 


Analysis We take air as the system. This is a closed system since no mass 
crosses the boundaries of the system. The energy balance for this system can 
be expressed as 


Ein - E out = AE. 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin T W, out =AU= my (T, a T,) 
The volume will be constant until the pressure is 300 kPa: 


300kPa _ 


P. 
T, =T, + = (300K) 


900K 
P, 100 kPa 
The mass of the air is 
3 
ga iMi : (100 kPa)(0.4 m~ ) a04e4o ke 


RT, (0.287 kPa - m*/kg - K)(300 K) 


The boundary work done during process 2-3 is 


Wr out =P, (V; -V,)=mR(T; -T,) 
= (0.4646 kg)(0.287 kPa - m*/kg - K)(1200 - 900)K 
=40kJ 
Substituting these values into energy balance equation, 


Oin =W, ou + mC, (Ts —T;) = 40 kJ + (0.4646 kg)(0.718 kJ/kg - K)(1200 — 300)K = 340 kJ 
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4-82 Air at a specified state contained in a piston-cylinder device undergoes an isothermal and constant volume process 
until a final temperature. The process is to be sketched on the P-V diagram and the amount of heat transfer is to be 
determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature relative to its critical temperature of 304.2 K. 2 The 
kinetic and potential energy changes are negligible, Ake = Ape=0. 
Properties The properties of air are R = 0.287 kJ/kg-K and c, = 0.718 kJ/kg-K (Table A-2a). 


Analysis (a) The processes 1-2 (isothermal) and 2-3 (constant-volume) are 
sketched on the P- Vdiagram as shown. 


(b) We take air as the system. This is a closed system since no mass crosses 
the boundaries of the system. The energy balance for this system fort he 
process 1-3 can be expressed as 


Ein ~ E out = AE system 
SS ~~ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


~ Wy, out,1-2 T Qin =AU= my (7; ~ Tı) 
The mass of the air is 


ma Laa (600 kPa)(0.8 m°) 
RT, (0.287 kPa - mĉ?/kg - K)(1200 K) 


=1.394 kg 


The work during process 1-2 is determined from boundary work relation 
for an isothermal process to be 


V. P 
W,. |, =mRT, In—=mRT, In— 
b,out 1-2 1 v 1 P 


1 2 
600 kPa 
= (1.394 kg)(0.287 kPa - m?/kg - K)(1200 K)I 
( g)( a: m`/kg - K)( Ma OPa 
=332.8kJ 
V, P 
since —+=— for an isothermal process. 
1 2 


Substituting these values into energy balance equation, 


Qin =We outs. time, (T -T) 
= 332.8kJ + (1.394 kg)(0.718 kJ/kg - K)(300 —1200)K 
=—568 kJ 


Thus, 
Oout = 568 kJ 
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4-83 Argon at a specified state contained in a piston-cylinder device with a set of stops is compressed at constant 
temperature until a final volume. The process is to be sketched on the P-V/diagram and the amount of heat transfer is to be 
determined. 


Assumptions 1 Argon is an ideal gas 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 


Properties The properties of argon are R = 0.2081 kJ/kg-K and c, = 0.3122 kJ/kg-K (Table A-2a). 


Analysis (a) The processes 1-2 (isothermal) and 2-3 (isobaric) are sketched on 
the P- Vdiagram as shown. 


(b) We take argon as the system. This is a closed system since no mass 
crosses the boundaries of the system. The energy balance for this system fort 
he process 1-3 can be expressed as 


Ein T E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win a-2 + Qin — 5,0u,2-3 = AU = me, (T3 -T,) 
The mass of the air is 


„oM (100 kPa)(0.4 m°) 7 
RT, (0.2081kPa-m?/kg-K)(300K) 


407 kg 


The pressure at state 2 is (1-2, isothermal process) 


V, 
P =P A = (100 kPa) 


3 
OA me = 500KRa 
5 0. 


m 


The temperature at state 3 is (2-3, isobaric process) 


v. .6 m? 
È E 2 =900 K 
V, 0.2m 


The compression work during process 1-2 is determined from boundary work relation for an isothermal process to be 


v. 2m? 
W, ou.1-2 = MRT, In A = (0.6407 kg)(0.2081 kPa - mĉ?/kg - K)(300 K)In ; m 


1 4m 


=-27.7kJ 


Thus, W, in 1-9 = 27.7kJ 
The expansion work during process 2-3 is determined from boundary work relation for a constant-pressure process to be 
Wo outr-3 = Pa (V - V) =mR(T; — T,) = (0.6407 kg)(0.2081 kPa - m?/kg - K)(900—300)K =80.0kJ 


Substituting these values into energy balance equation, 


Qin = Wb out.2-3 — Wo,ins—2 + mcy (T3 -T)) 
= 80 kJ — 27.7 kJ + (0.6407 kg)(0.3122 kJ/kg - K)(900 — 300)K 
=172.2kJ 
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4-84 An ideal gas at a specified state contained in a piston-cylinder device undergoes an isothermal process during which 


heat is lost from the gas. The final pressure and volume are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible, 
Ake = Ape =0. 


Properties The properties of air are R = 0.287 kJ/kg-K and c, = 0.718 
kJ/kg-K (Table A-2a). 


Analysis We take the ideal gas as the system. This is a closed system 
since no mass crosses the boundaries of the system. The energy balance Q 
for this system fort he process 1-3 can be expressed as 


Ein ~ E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
-= Oout =, Wy out =AU =mce, (T3 -T;) =0 since T, =7 
~ Qout = Ws out 


The boundary work for an isothermal process is determined from 


2 2 
V. V, 
Wr out = | pav = [= dV = mRT In = P V, In— 
Do a v v 


Thus, 


V. W, ou = = 
— = exp 2 |= ox =e =exp = = exp(—1) = 0.3679 
v BY, BY, (100 kPa)(0.6 m°) 


and 
V, = 0.3679Y, = 0.3679(0.6 m°?) =0.221m? 


The final pressure is found from the combined ideal gas law: 


PV PV. v, 
L -= 22 pP, =P — = (100 kPa) 
P i V, 0.3679 


=272 kPa 


Ideal gas 


100 kPa 
0.6 m? 


T = constant 
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Closed System Energy Analysis: Solids and Liquids 


4-85 An iron block is heated. The internal energy and enthalpy changes are to be determined for a given temperature 
change. 


Assumptions Iron is an incompressible substance with a constant specific heat. 
Properties The specific heat of iron is 0.45 kJ/kg-K (Table A-35). 
Analysis The internal energy and enthalpy changes are equal for a solid. Then, 


AH = AU = mcAT = (1kg)(0.45 kJ/kg -K)(75—25)K = 22.5 kJ 


4-86E Liquid water experiences a process from one state to another. The internal energy and enthalpy changes are to be 
determined under different assumptions. 


Analysis (a) Using the properties from compressed liquid tables 
Uy =U y@sorr = 18.07 Btu/lbm (Table A - 4E) 
h =hy @sor +V¢(P-Pyat@r) 
1Btu 
5.404 psia - ft? 


= 18.07 Btu/Ibm + (0.01602 ft?/Ibm)(50— 0.17812) ri = 18.21 Btu/lbm 


P, =2000 psia | u, = 67.36 Btu/lbm 
(Table A -7E) 


T, =100°F Í A, =73.30 Btu/Ibm 


Au =u, —u, = 67.36 -18.07 = 49.29 Btullbm 
Ah = h, —h, = 73.30 -18.21 = 55.08 Btu/lbm 
(b) Using incompressible substance approximation and property tables (Table A-4E), 


u; =U gq sop = 18.07 Btu/Ibm 
h =f gq ser = 18.07 Btu/lbm 
Uy =U f@100°F = 68.03 Btu/Ibm 
hy = hye oor = 68.03 Btu/lbm 


Au =u, —u, = 68.03 -18.07 = 49.96 Btu/lbm 
Ah = h, —h, = 68.03 -18.07 = 49.96 Btu/lbm 


(c) Using specific heats and taking the specific heat of water to be 1.00 Btu/Ibm-R (Table A-3Ea), 
Ah = Au = cAT = (1.00 Btu/Ibm-R)(100-—50)R = 50 Btullbm 
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4-87E A person shakes a canned of drink in a iced water to cool it. The mass of the ice that will melt by the time the canned 
drink is cooled to a specified temperature is to be determined. 


Assumptions 1 The thermal properties of the drink are constant, and are taken to be the same as those of water. 2 The effect 
of agitation on the amount of ice melting is negligible. 3 The thermal energy capacity of the can itself is negligible, and thus 
it does not need to be considered in the analysis. 


Properties The density and specific heat of water at the average temperature of (75+45)/2 = 60°F are p = 62.3 Ibm/ft’, and 
Cp = 1.0 Btu/Ibm.°F (Table A-3E). The heat of fusion of water is 143.5 Btu/Ibm. 


Analysis We take a canned drink as the system. The energy balance for this closed system can be expressed as 


E in E out z system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Cola 
= ii T AU canned drink FT muy u) > Q out = me(T, -T,) 75°F 


Noting that 1 gal = 128 oz and 1 ft = 7.48 gal = 957.5 oz, the total amount of 
heat transfer from a ball is 


3 1ft? 1 gal 
m= pV = (62.3 lbm/ft> )(12 oz/can) - = 0.781 lbm/can 
7.48 gal |128 fluid oz 


OQour = me(T, —T,) = (0.781 lbm/can)(1.0 Btu/Ibm.°F)(75 — 45)°F = 23.4 Btu/can 
Noting that the heat of fusion of water is 143.5 Btu/lbm, the amount of ice that will melt to cool the drink is 


os Qo _ 23.4 Btu/can 
“hy — 143.5 Btu/Ibm 


=0.163lbm (percan of drink) 


since heat transfer to the ice must be equal to heat transfer from the can. 


Discussion The actual amount of ice melted will be greater since agitation will also cause some ice to melt. 
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4-88 An iron whose base plate is made of an aluminum alloy is turned on. The minimum time for the plate to reach a 


specified temperature is to be determined. 


Assumptions 1 It is given that 85 percent of the heat generated in the resistance wires is transferred to the plate. 2 The 
thermal properties of the plate are constant. 3 Heat loss from the plate during heating is disregarded since the minimum 
heating time is to be determined. 4 There are no changes in kinetic and potential energies. 5 The plate is at a uniform 


temperature at the end of the process. 


Properties The density and specific heat of the aluminum alloy plate are given to be p = 2770 kg/m’ and Cp = 875 kJ/kg.°C. 


Analysis The mass of the iron's base plate is 
m= pV = pLA = (2770 kg/m? (0.005 m)(0.03 m? ) = 0.4155 kg 


Noting that only 85 percent of the heat generated is transferred to the plate, 
the rate of heat transfer to the iron's base plate is 


Oj, = 0.901000 W = 900 W 


We take plate to be the system. The energy balance for this closed system can 
be expressed as 


E nE AE 


in out system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin = AU plate =m(u, u) > Qin At = mc(T, -T,) 


Solving for At and substituting, 


ess mcAT ate _ (0.4155 kg)(875 J/kg.°C)(200 —22)°C _ 
Òn 900 J/s 


71.9s 


which is the time required for the plate temperature to reach the specified temperature. 
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4-89 Stainless steel ball bearings leaving the oven at a specified uniform temperature at a specified rate are exposed to air 
and are cooled before they are dropped into the water for quenching. The rate of heat transfer from the ball bearing to the 
air is to be determined. 


Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process 


Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m’ and Cp = 9.480 kJ/kg.°C. 


Analysis We take a single bearing ball as the system. 
The energy balance for this closed system can be 
expressed as 


Furnace 


E iw E out = AE, system 


Water, 25°C 


y 3 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


= Oout = AU pan = M(Uy — 14) 
Qout = me(T, -T,) 


The total amount of heat transfer from a ball is 


Steel balls, 900°C 


(0.012 m)? 


3 
m= pV = p= = (8085 kg/m?) = 0.007315kg 


Qot = mc(T, —T, ) = (0.007315 kg)(0.480 kJ/kg.°C)(900 — 850)°C = 0.1756 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 


Orotat = Matt Oout (per ball) = (800 balls/min)x (0.1756 kJ/ball) = 140.5 kJ/min = 2.34 kW 


Therefore, heat is lost to the air at a rate of 2.34 kW. 


4-90 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air is to be determined. 


Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process 


Properties The density and specific heat of the balls are given to be p = 7833 kg/m? and Cp = 9.465 kJ/kg.°C. 
Analysis We take a single ball as the system. The energy 


balance for this closed system can be expressed as 
E in” Eout = AE Furnace 


system 


Air, 35°C 


Y ; 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


— Oout = AU gan = (Uy ~u) 
Qout = me(T, -T,) 


(b) The amount of heat transfer from a single ball is 


Steel balls, 900°C 


à 3 
m= pV = p= = (7833 kgm) ZOREN 


= 0.00210 kg 
Qout = MC p (7, —T,) = (0.0021 kg)(0.465 kJ/kg.°C)(900 — 100)°C = 0.781 kJ (per ball) 
Then the total rate of heat transfer from the balls to the ambient air becomes 


Oont = HhattQour = (2500 balls/h) x (0.781 kJ/ball) = 1,953 kJ/h = 542 W 
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4-91 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked is to be 
determined. 


Assumptions 1 The egg is spherical in shape with a radius of ro = 2.75 cm. 2 The thermal properties of the egg are 
constant. 3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 
There are no changes in kinetic and potential energies. 


Properties The density and specific heat of the egg are given to be p = 1020 kg/m? and Cp = 3.32 kJ/kg.°C. 


Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg. The energy balance 
for this closed system can be expressed as 


Ein — Eout = AE system Boiling 
inon a 
Net energy transfer Change in internal, kinetic, Water 
by heat, work, and mass potential, etc. energies 
Orn = AU egg z muy u) z mce(T> Ti) 
Then the mass of the egg and the amount of heat transfer become Egg 


8°C 


3 
RODSSD. = 0.0889 kg 


3 
m= pV = p= = (1020 kg/m?) 
Qn = me, (Ty — T,) = (0.0889 kg)(3.32 kI/kg.°C)(80—8)°C = 21.2 kJ 


4-92E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven is to 
be determined. 


Assumptions 1 The thermal properties of the plates are constant. 2 The changes in kinetic and potential energies are 
negligible. 

Properties The density and specific heat of the brass are given to be 
p= 532.5 lbm/ft* and c, = 0.091 Btu/Ibm.°F. 


Analysis We take the plate to be the system. The energy balance for 
this closed system can be expressed as 


7 = AE Plates 
Ein E out = system ò 
nae a. 75°F 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin z AU plate g5 m(u, u) z mc(T> T) 


The mass of each plate and the amount of heat transfer to each plate is 


m = pV = pLA = (532.5 lbm/ft? )[(1.2 /12 ft)(2 ft)(2 fÐ] = 213 Ibm 
Qn = mc(T, —T,) = (213 lbm/plate)(0.09 1 Btu/lbm.°F)(1000 — 75)°F = 17,930 Btu/plate 
Then the total rate of heat transfer to the plates becomes 


Ore AptateQin, per plate = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s 
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4-93 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven is to be 
determined. 


Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 


Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m? and Cp = 0.465 kJ/kg.°C. 


Analysis Noting that the rods enter the oven at a velocity of 2 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in | minute is 


m= pV = pLA = pL(aD? / 4) = (7833 kg/m? )(2 m)[z(0.08 m)? / 4] = 78.75 kg 


We take the 2-m section of the rod in the oven as the system. The 
energy balance for this closed system can be expressed as 


AE 


Ein A Eout system 
DESER are — 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Steel rod, 30°C 


Qin = AU og = MU = 14) = me(T, — T) 
Substituting, 
Qin =mc(T, —T,) = (78.75 kg)(0.465 kI/kg.°C)(700 — 30)°C = 24,530 kJ 
Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 


Oin = Oj, / At = (24,530 KJ)/(1 min) = 24,530 kJ/min = 409 kW 
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4-94 An electronic device is on for 5 minutes, and off for several hours. The temperature of the device at the end of the 5- 
min operating period is to be determined for the cases of operation with and without a heat sink. 


Assumptions 1 The device and the heat sink are isothermal. 2 The thermal properties of the device and of the sink are 
constant. 3 Heat loss from the device during on time is disregarded since the highest possible temperature is to be 
determined. 


Properties The specific heat of the device is given to be c, = 850 J/kg.°C. The specific heat of aluminum at room 
temperature of 300 K is 902 J/kg.°C (Table A-3). 


Analysis We take the device to be the system. Noting that electrical energy is 
supplied, the energy balance for this closed system can be expressed as Electronic 
ice. 25° 
Boh. = AE device, 25°C 


system 


y EY hess 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wein = AU device = muy =u) 
W, inAt = me(T, —T;) 


Substituting, the temperature of the device at the end of the process is determined to be 


(25 J/s)(5x 60s) = (0.020 kg)(850 J/kg.°C)(T, -25)°C —> T, = 466°C (without the heat sink) 


Case 2 When a heat sink is attached, the energy balance can be expressed as 


W in Ei AU device F AU heatsink 
Wain At = mc(T> J Ti device + mc(T> = Ti neat sink 


Substituting, the temperature of the device-heat sink combination is determined to be 
(25 J/s)(5x 60 s) = (0.020 kg)(850 J/kg.°C)(T, — 25)°C + (0.500 kg)(902 J/kg.°C)(T, — 25)°C 
T, =41.0°C (with heat sink) 


Discussion These are the maximum temperatures. In reality, the temperatures will be lower because of the heat losses to the 
surroundings. 
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> 
4-95 Problem 4-94 is reconsidered. The effect of the mass of the heat sink on the maximum device temperature as 
the mass of heat sink varies from 0 kg to 1 kg is to be investigated. The maximum temperature is to be plotted against the 
mass of heat sink. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

"T_1 is the maximum temperature of the device" 
Q_dot_out = 25 [W] 

m_device=20 [g] 

Cp_device=850 [J/kg-C] 

A=5 [cm’2] 

DELTAt=5 [min] 

T_amb=25 [C] 

{m_sink=0.5 [kg]} 

"Cp_al taken from Table A-3(b) at 300K" 
Cp_al=0.902 [kJ/kg-C] 

T_2=T_amb 


"Solution:" 

"The device without the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the system, the device." 
E_dot_in - E_dot_out = DELTAE_dot 

E dot_in=0 

E dot_out = Q_dot_out 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot= m_device*convert(g,kg)*Cp_device*(T_2-T_1_ device)/(DELTAt*convert(min,s)) 

"The device with the heat sink is considered to be a closed system." 

"Conservation of Energy for the closed system:" 

"E_dot_in - E_dot_out = DELTAE_dot, we neglect DELTA KE and DELTA PE for the device with the heat sink." 
E_dot_in - E_dot_out = DELTAE_dot_combined 

"Use the solid material approximation to find the energy change of the device." 

DELTAE_dot_combined= (m_device*convert(g,kg)*Cp_device*(T_2-T_1 device&sink)+m_sink*Cp_al*(T_2- 
T_1 device&sink)*convert(kJ,J))/(DELTAt*convert(min,s)) 


Msink Ti deviceasink 500 eo ms T 
[kg] [C] 
0 466.2 
0.1 94.96 400 
0.2 62.99 J 
0.3 51.08 5 ] 
0.4 44.85 = 300 
0.5 41.03 ž 
0.6 38.44 k ] 
0.7 36.57 8 200 
0.8 35.15 & 
0.9 34.05 A) a 
1 33.16 —_ 
——s a B B E 5 f 
0 L L L L L L L L L 4 L L L 1 L L L L 1 1 
0 0.2 0.8 1 


0.4 0.6 
Mink [kg] 
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4-96 The face of a person is slapped. For the specified temperature rise of the affected part, the impact velocity of the hand 
is to be determined. 


Assumptions 1 The hand is brought to a complete stop after the impact. 2 The face takes the blow without significant 
movement. 3 No heat is transferred from the affected area to the surroundings, and thus the process is adiabatic. 4 No work 
is done on or by the system. 5 The potential energy change is zero, APE = 0 and AE = AU + AKE. 


Analysis We analyze this incident in a professional manner without involving any emotions. First, we identify the system, 
draw a sketch of it, and state our observations about the specifics of the problem. We take the hand and the affected portion 
of the face as the system. This is a closed system since it involves a fixed amount of mass (no mass transfer). We observe 
that the kinetic energy of the hand decreases during the process, as evidenced by a decrease in velocity from initial value to 
zero, while the internal energy of the affected area increases, as evidenced by an increase in the temperature. There seems 
to be no significant energy transfer between the system and its surroundings during this process. Under the stated 
assumptions and observations, the energy balance on the system can be expressed as 


E in E out AE system 
ae Seer 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0= AU affected tissue + AKE hand 


0= (mcAT) affected tissue + [m(0 -V g ) / 2] hand 


That is, the decrease in the kinetic energy of the hand must be equal to the increase in the internal energy of the affected 
area. Solving for the velocity and substituting the given quantities, the impact velocity of the hand is determined to be 


V, = 2(mcAT) affected tissue 
hand 
M hand 
y — [20-15 kg)8.8 W/kg - °C)(1.8°C) 1000 m?/s? 
or 1.2kg 1kJ/kg) 


= 41.4 mls (or 149 km/h) 


Discussion Reconstruction of events such as this by making appropriate assumptions are commonly used in forensic 
engineering. 
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Special Topic: Biological Systems 


4-97C Metabolism refers to the chemical activity in the cells associated with the burning of foods. The basal metabolic rate 
is the metabolism rate of a resting person, which is 84 W for an average man. 


4-98C The food we eat is not entirely metabolized in the human body. The fraction of metabolizable energy contents are 
95.5% for carbohydrates, 77.5% for proteins, and 97.7% for fats. Therefore, the metabolizable energy content of a food is 
not the same as the energy released when it is burned in a bomb calorimeter. 


4-99C Yes. Each body rejects the heat generated during metabolism, and thus serves as a heat source. For an average adult 
male it ranges from 84 W at rest to over 1000 W during heavy physical activity. Classrooms are designed for a large 
number of occupants, and thus the total heat dissipated by the occupants must be considered in the design of heating and 
cooling systems of classrooms. 


4-100C 1 kg of natural fat contains almost 8 times the metabolizable energy of 1 kg of natural carbohydrates. Therefore, a 
person who fills his stomach with carbohydrates will satisfy his hunger without consuming too many calories. 


4-101 Six people are fast dancing in a room, and there is a resistance heater in another identical room. The room that will 
heat up faster is to be determined. 


Assumptions 1 The rooms are identical in every other aspect. 2 Half of the heat dissipated by people is in sensible form. 3 
The people are of average size. 


Properties An average fast dancing person dissipates 600 Cal/h of energy (sensible and latent) (Table 4-2). 
Analysis Three couples will dissipate 
E = (6 persons)(600 Cal/h.person)(4.1868 kJ/Cal) =1 5,072 kJ/h = 4190 W 


of energy. (About half of this is sensible heat). Therefore, the room with the people dancing will warm up much faster than 
the room with a 2-kW resistance heater. 
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4-102 Two men are identical except one jogs for 30 min while the other watches TV. The weight difference between these 
two people in one month is to be determined. 


Assumptions The two people have identical metabolism rates, and are identical in every other aspect. 
Properties An average 68-kg person consumes 540 Cal/h while jogging, and 72 Cal/h while watching TV (Table 4-2). 
Analysis An 80-kg person who jogs 0.5 h a day will have jogged a total of 15 h a month, and will consume 


4.1868 k k 
AE consumed = [(540 — 72) Cal/h](15 nf 68 “|? g 


= 34,578 kJ 
1Cal 68kg 


more calories than the person watching TV. The metabolizable energy content of 1 kg of fat is 33,100 kJ. Therefore, the 
weight difference between these two people in 1-month will be 


AE sorisiméd = 34,578 kJ = 1.045 kg 


j Energy content of fat 33,100 kJ/kg 


AM 


4-103 A bicycling woman is to meet her entire energy needs by eating 30-g candy bars. The number of candy bars she 
needs to eat to bicycle for 1-h is to be determined. 


Assumptions The woman meets her entire calorie needs from candy bars while bicycling. 


Properties An average 68-kg person consumes 639 Cal/h while bicycling, and the energy content of a 20-g candy bar is 105 
Cal (Tables 4-1 and 4-2). 


Analysis Noting that a 20-g candy bar contains 105 Calories of metabolizable energy, a 30-g candy bar will contain 


30 g 


—= | =157.5 Cal 
20g 


E anay = (105 call 


of energy. If this woman is to meet her entire energy needs by eating 30-g candy bars, she will need to eat 


_ 639Cal/h 


= ————_ = 4candybars/h 
candy = 157 5Cal 7 
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4-104 A 75-kg man eats 1-L of ice cream. The length of time this man needs to jog to burn off these calories is to be 
determined. 


Assumptions The man meets his entire calorie needs from the ice cream while jogging. 


Properties An average 68-kg person consumes 540 Cal/h while jogging, and the energy content of a 100-ml of ice cream is 
110 Cal (Tables 4-1 and 4-2). 


Analysis The rate of energy consumption of a 55-kg person while jogging is 


E 


consumed 7 ( 


540 Caim] 2*8 | = 596 Cath 
68 kg 


Noting that a 100-ml serving of ice cream has 110 Cal of metabolizable energy, a 1-liter box of ice cream will have 1100 
Calories. Therefore, it will take 


_ 1100 Cal -1.85h 
596 Cal/h 


of jogging to burn off the calories from the ice cream. 


4-105 A man with 20-kg of body fat goes on a hunger strike. The number of days this man can survive on the body fat 
alone is to be determined. 


Assumptions 1 The person is an average male who remains in resting position at all times. 2 The man meets his entire 
calorie needs from the body fat alone. 


Properties The metabolizable energy content of fat is 33,100 Cal/kg. An average resting person burns calories at a rate of 
72 Cal/h (Table 4-2). 


Analysis The metabolizable energy content of 20 kg of body fat is 
Ep = (33,100 kJ/kg \(20 kg) = 662,000 kJ 


The person will consume 


Econsumea = (72 Cal/h X24 nee | = 7235 kJ/day 
a 


Therefore, this person can survive 


At = 662,000 kJ =91.5 days 
7235 kJ / day 


on his body fat alone. This result is not surprising since people are known to survive over 100 days without any food intake. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-77 


4-106 Two 50-kg women are identical except one eats her baked potato with 4 teaspoons of butter while the other eats hers 
plain every evening. The weight difference between these two woman in one year is to be determined. 


Assumptions 1 These two people have identical metabolism rates, and are identical in every other aspect. 2 All the calories 
from the butter are converted to body fat. 


Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. The metabolizable energy content of 1 
teaspoon of butter is 35 Calories (Table 4-1). 


Analysis A person who eats 4 teaspoons of butter a day will consume 


365 days 


E consumed = (35 Cal/teaspoon )(4 teaspoons i ) = 51,100 Cal/year 


year 


Therefore, the woman who eats her potato with butter will gain 


51,100 Cal { 4.1868 kJ 
Meat = = 6.5 kg 
33,100 kJ/kg\ 1 Cal 


of additional body fat that year. 


4-107 A woman switches from 1-L of regular cola a day to diet cola and 2 slices of apple pie. It is to be determined if she 
is now consuming more or less calories. 


Properties The metabolizable energy contents are 300 Cal for a slice of apple pie, 87 Cal for a 200-ml regular cola, and 0 
for the diet drink (Table 4-3). 


Analysis The energy contents of 2 slices of apple pie and 1-L of cola are 
Evie = 2x (300 Cal) = 600 Cal 
Ea = 5X(87 Cal) = 435 Cal 


Therefore, the woman is now consuming more calories. 


4-108 A person drinks a 12-oz beer, and then exercises on a treadmill. The time it will take to burn the calories from a 12- 
oz can of regular and light beer are to be determined. 


Assumptions The drinks are completely metabolized by the body. 


Properties The metabolizable energy contents of regular and light beer are 150 and 100 Cal, respectively. Exercising on a 
treadmill burns calories at an average rate of 700 Cal/h (given). 


Analysis The exercising time it will take to burn off beer calories is determined directly from 


150 Cal 


(a) Regular beer: Af egulatbeer = SICIR 0.214h = 12.9 min 
100 Cal 
b) Light beer: At; = ———— = 0.143h = 8.6 min 
( ) 8 light beer 700 Cal/h 
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4-109 A man and a woman have lunch at Burger King, and then shovel snow. The shoveling time it will take to burn off the 
lunch calories is to be determined for both. 


Assumptions The food intake during lunch is completely metabolized by the body. 


Properties The metabolizable energy contents of different foods are as given in the problem statement. Shoveling snow 
burns calories at a rate of 360 Cal/h for the woman and 480 Cal/h for the man (given). 


Analysis The total calories consumed during lunch and the time it will take to burn them are determined for both the man 
and woman as follows: 


Man: Lunch calories = 720+400+225 = 1345 Cal. 


eigen: 1345 Cal 
Shoveling time: Afshoveting, man = rT ERT = 2.80 h 


Woman: Lunch calories = 330+400+0 = 730 Cal. 


KA 730 Cal 
Shoveling time: Afshoveling, woman = 360 Cal/h 2.03 h 


4-110 Two friends have identical metabolic rates and lead identical lives, except they have different lunches. The weight 
difference between these two friends in a year is to be determined. 


Assumptions 1 The diet and exercise habits of the people remain the same other than the lunch menus. 2 All the excess 
calories from the lunch are converted to body fat. 


Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). The metabolizable energy contents of 
different foods are given in problem statement. 


Analysis The person who has the double whopper sandwich consumes 1600 — 800 = 800 Cal more every day. The 
difference in calories consumed per year becomes 


Calorie consumption difference = (800 Cal/day)(365 days/year) = 292,000 Cal/year 


Therefore, assuming all the excess calories to be converted to body fat, the weight difference between the two persons after 
1 year will be 


Calorie intake difference AE L 
Enegy content of fat erat 33,100 kJ/kg 


intake 


Weight difference = 


292,000 Cal/yr 4.1868 kJ 


= 36.9 kg/yr 
1 Cal ) ely 


or about 80 pounds of body fat per year. 
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4-111E A person eats dinner at a fast-food restaurant. The time it will take for this person to burn off the dinner calories by 
climbing stairs is to be determined. 


Assumptions The food intake from dinner is completely metabolized by the body. 


Properties The metabolizable energy contents are 270 Cal for regular roast beef, 410 Cal for big roast beef, and 150 Cal for 
the drink. Climbing stairs burns calories at a rate of 400 Cal/h (given). 


Analysis The total calories consumed during dinner and the time it will take to burn them by climbing stairs are determined 
to be 


Dinner calories = 270+410+150 = 830 Cal. 


Stair climbing time: At = soos. = 2.08 h 
400 Cal/h 


4-112 Three people have different lunches. The person who consumed the most calories from lunch is to be determined. 


Properties The metabolizable energy contents of different foods are 530 Cal for the Big Mac, 640 Cal for the whopper, 350 
Cal for french fries, and 5 Cal for each olive (given). 


Analysis The total calories consumed by each person during lunch are: 


Person 1: Lunch calories = 530 Cal 
Person 2: Lunch calories = 640 Cal 
Person 3: Lunch calories = 350+5x50 = 600 Cal 


Therefore, the person with the Whopper will consume the most calories. 


4-113 A 100-kg man decides to lose 10 kg by exercising without reducing his calorie intake. The number of days it will 
take for this man to lose 10 kg is to be determined. 


Assumptions 1 The diet and exercise habits of the person remain the same other than the new daily exercise program. 2 The 
entire calorie deficiency is met by burning body fat. 


Properties The metabolizable energy content of body fat is 33,100 Cal/kg (text). 


Analysis The energy consumed by an average 68-kg adult during fast-swimming, fast dancing, jogging, biking, and 
relaxing are 860, 600, 540, 639, and 72 Cal/h, respectively (Table 4-2). The daily energy consumption of this 100-kg man 
is 


[(860 + 600 + 540 + 639 Cal/h Ih) + (72 Cal/h (23 nS is = 6316 Cal 
g 


Therefore, this person burns 6316-4000 = 2316 more Calories than he takes in, which corresponds to 


2316 Cal (ane kJ 


Me = = 0.293 kg 
33,100 kJ/kg | 1 Cal 


of body fat per day. Thus it will take only 


WE 10kg 


=——— = 34.1days 
0.293 kg 


for this man to lose 10 kg. 
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4-114 The effect of supersizing in fast food restaurants on monthly weight gain is to be determined for a given case. 
Properties The metabolizable energy content of 1 kg of body fat is 33,100 kJ. 


Analysis The increase in the body fat mass due to extra 1000 calories is 


Meat 


_ 1000 Cal/day as kJ 


Joo days/month) = 3.79 kg/month 
33,100 kJ/kg | 1Cal 


4-115E The range of healthy weight for adults is usually expressed in terms of the body mass index (BMI) in SI units as 


W(kg) 


BMI = H 2) . This formula is to be converted to English units such that the weight is in pounds and the height in 
m 


inches. 


Analysis Noting that 1 kg = 2.2 Ibm and 1 m =39.37 in, the weight in lbm must be divided by 2.2 to convert it to kg, and the 
height in inches must be divided by 39.37 to convert it to m before inserting them into the formula. Therefore, 
Wkg) — W(bm)/22 705 W(lbm) 


a H’ (m?) H?(in”)/(39.37)" H’ (in?) 


Every person can calculate their own BMI using either SI or English units, and determine if it is in the healthy range. 
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4-116 A person changes his/her diet to lose weight. The time it will take for the body mass index (BMI) of the person to 
drop from 30 to 20 is to be determined. 


Assumptions The deficit in the calori intake is made up by burning body fat. 


Properties The metabolizable energy contents are 350 Cal for a slice of pizza and 87 Cal for a 200-ml regular cola. The 
metabolizable energy content of 1 kg of body fat is 33,100 kJ. 


Analysis The lunch calories before the diet is 


Eod = 3% € pizza + 2% Cooke = 3X (350 Cal) +2 x (87 Cal) = 1224 Cal 


The lunch calories after the diet is 


Ea = 2X € pina 1% Cooke = 2% (350 Cal) + 1x (87 Cal) = 787 Cal 


pizza coke 
The calorie reduction is 


E = 1224-787 = 437 Cal 


reduction 


The corresponding reduction in the body fat mass is 


Meat 


= TIA Gow ae RE 
The weight of the person before and after the diet is 
W, =BMI; xh” pizza = 30x (1.6 m)? = 76.8kg 
W, = BMI, xh? pizza = 20x (1.6 m)? =51.2kg 
Then it will take 


Wi -W3 _(16.8-51.2)k8 _ 463 days 
Mg 0.05528 kg/day 


Time = 


for the BMI of this person to drop to 20. 
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Review Problems 


4-117 During a phase change, a constant pressure process becomes a constant temperature process. Hence, 


_ oh 


c 7 finite 
P ƏT 


= infinite 


T 
and the specific heat at constant pressure has no meaning. The specific heat at constant volume does have a meaning since 


_ Ou 


finite 
cCyV=—| = 
oT 


= finite 


v finite 


4-118 Nitrogen is heated to experience a specified temperature change. The heat transfer is to be determined for two cases. 
Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and probably low pressure relative to its critical 
point values of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0.3 
Constant specific heats can be used for nitrogen. 


Properties The specific heats of nitrogen at the average temperature of (20+250)/2=135°C=408 K are c, = 1.045 kJ/kg-K 
and c, = 0.748 kJ/kg-K (Table A-25). 


Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for a constant-volume process can be expressed as 


Ein A E out = AE system 
—S SO 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Q 
Qin «(T2 -T,) T,= 250°C 
The energy balance during a constant-pressure process (such as in a piston- 
cylinder device) can be expressed as 
E in E out AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin =W poit =AU Q 


Qin = W, out +AU 
Qin = AH =mc, (T, =T) 


since AU + W, = AH during a constant pressure quasi-equilibrium process. 
Substituting for both cases, 


Oin yconst = Cy (T> — T, ) = (10 kg)(0.748 kJ/kg K)(250 - 20)K = 1720kJ 


Qin, P-const = MC, (T, — T, ) = (10 kg)(1.045 kJ/kg -K)(250 - 20)K = 2404 kJ 
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4-119 A classroom has 40 students, each dissipating 84 W of sensible heat. It is to be determined if it is necessary to turn 
the heater on in the room to avoid cooling of the room. 


Properties Each person is said to be losing sensible heat to the room air at a rate of 84 W. 


Analysis We take the room is losing heat to the outdoors at a rate of 


: lh 
toss = (12,000 kJ/h) —— | =3.33 kW 
3600 s 


The rate of sensible heat gain from the students is 
Ò pain =(84 W/student)(40 students) = 3360 W =3.36 kW 


which is greater than the rate of heat loss from the room. Therefore, it is not necessary to turn the heater. 


4-120E An insulated rigid vessel contains air. A paddle wheel supplies work to the air. The work supplied and final 
temperature are to be determined. 


Assumptions 1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical point values of 
238.5 R and 547 psia. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific heats 


can be used for air. 


Properties The specific heats of air at room temperature are c, = 0.240 Btu/Ibm-R and c, = 0.171 Btu/Ibm-R (Table A-2Ea). 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein a E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
W viin =AU= me, (T, =T) 


As the specific volume remains constant during this process, the ideal gas 
equation gives 


5 . 
T, =T, = (520 R) 20 PS2 _ 693.3 R = 233.3°F 
P 30 psia 
Substituting, 
W yy in = mc, (T, — T,) = (2 Ibm)(0.171 Btu/lbm - R)(693.3 — 520)R = 59.3 Btu 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-84 


4-121 Air at a given state is expanded polytropically in a piston-cylinder device to a specified pressure. The final 
temperature is to be determined. 


Analysis The polytropic relations for an ideal gas give 


80 kPa 
2000 kPa 


n-l/n 0.5/1.5 
= (2 = (300 + 273 Kf ) =196 K =-77°C 


1 


4-122 Nitrogen in a rigid vessel is heated. The work done and heat transfer are to be determined. 


Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 3 Constant specific 
heats at room temperature can be used for nitrogen. 


Properties For nitrogen, cy = 0.743 kJ/kg-K at room temperature (Table A-2a). 


Analysis We take the nitrogen as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 


E in ` E out z AE system 
———S—— x 
Net energy transfer Change in internal, kinetic, Nitrogen 
by heat, work, and mass potential, etc. energies 100 kPa Q 
Qin =AU =mc, (T, -T,) 25°C 
There is no work done since the vessel is rigid: 
w=O0kJ/kg 


Since the specific volume is constant during the process, the final temperature is determined from ideal gas equation to be 
P. kP 
T, =T, 22 = (298K) soo KPa -894K 
Pi 100 psia 
Substituting, 


qin = Cy (T, — T2) = (0.743 kJ/kg - K)(894 — 298)K = 442.8 kJ/kg 
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4-123 A well-insulated rigid vessel contains saturated liquid water. Electrical work is done on water. The final temperature 


is to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 The thermal energy 
stored in the tank itself is negligible. 


Analysis We take the contents of the tank as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


Ein = E out = AE 


Saat a AA 
Net energy transfer Change in internal, kinetic, P 
by heat, work, and mass potential, etc. energies 2 


Wsin = AU = m(u, —u;) 


e,in 


system 


The amount of electrical work added during 30 minutes period is 
1W 
Wein = VIAt = (50 V)(10 A)(30x 60 A) = 900,000 J = 900 kJ 


The properties at the initial state are (Table A-4) 
u = ur @40°C = 167.53 kJ/kg 
Vi => @aorc = 0.001008 m*/kg.. 


Substituting, 


Win k 
Wein = muz -u )—> u =u, +E = 167.53 kJ/kg +2 l aer ke 


m 


The final state is compressed liquid. Noting that the specific volume is constant during the process, the final temperature is 
determined using EES to be 


uy = 467.53 kJ/kg 


3 T, =118.9°C (from EES) 
v, =v; =0.001008 m°/kg 


Discussion We cannot find this temperature directly from steam tables at the end of the book. Approximating the final 
compressed liquid state as saturated liquid at the given internal energy, the final temperature is determined from Table A-4 
to be 


Ta S Tyat@ u=467.53 kJ/kg =111.5°C 


Note that this approximation resulted in an answer, which is not very close to the exact answer determined using EES. 
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4-86 
4-124 The boundary work expression during a polytropic process of an ideal gas is to be derived. 
Assumptions The process is quasi-equilibrium. 
Analysis For a polytropic process, 
P vi = Pav} = Constant 


Substituting this into the boundary work expression gives 


2 


R P 
UV 
= n n =n ed l-n l-n 
Wou = | Pdv = Put [v tdv= Lh" ul") 
l-n 
1 1 
P |v v 
= 1 2 vy 1 v? 
— n n 
l-n V> vi 
Pv 
11 l-n n-l 
i (v vi —1) 


When the specific volume ratio is eliminated with the expression for the constant, 


RT, || P, 
l-n| (A 


(n-1)/n 


Wb out = 


where n #1 
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4-87 


4-125 A cylinder equipped with an external spring is initially filled with air at a specified state. Heat is transferred to the 
air, and both the temperature and pressure rise. The total boundary work done by the air, and the amount of work done 
against the spring are to be determined, and the process is to be shown on a P-v diagram. 


Assumptions 1 The process is quasi-equilibrium. 2 The spring is a linear spring. 


Analysis (a) The pressure of the gas changes linearly with volume during this process, and thus the process curve on a P-V 
diagram will be a straight line. Then the boundary work during this process is simply the area under the process curve, 


which is a trapezoidal. Thus, 


Wout = Area = n = (v, v) 


PLUL 015 1kJ | 


1 kPa -m° 
=135kJ 


(b) If there were no spring, we would have a constant pressure 
process at P = 100 kPa. The work done during this process is 


2 
W osut spring 7 f PdV = P(V, = v) 


1kJ 
= (100 kPa {0.45 — 0.15)m?/kg} —=— 
( ay jm TS 


=30 kJ 


Thus, 
W, 


spring = W, ga Wino spring = 135 aa 30 = 105 kJ 
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4-126 A cylinder equipped with a set of stops for the piston is initially filled with saturated liquid-vapor mixture of water a 
specified pressure. Heat is transferred to the water until the volume increases by 20%. The initial and final temperature, the 
mass of the liquid when the piston starts moving, and the work done during the process are to be determined, and the 
process is to be shown on a P-v diagram. 


Assumptions The process is quasi-equilibrium. 
Analysis (a) Initially the system is a saturated mixture at 125 kPa pressure, and thus the initial temperature is 


RET 


S; 


at@125 kPa = 106.0°C 


The total initial volume is 


V, = mv, +m,V, =2x0.001048+3x1.3750 =4.127 m° 


Then the total and specific volumes at the final state are 


V, =1.2V, =1.2x4.127 = 4.953 m? 


Vs 4. ; 
AE ygos ke 
m 5 kg 
P 
Thus, 
P, =300 kPa 2 i 3 
5. pT; =373.6°C 
v, =0.9905 m/kg 


(b) When the piston first starts moving, P, = 300 kPa and 4% = Y= 4.127 m°. 


The specific volume at this state is l 
V, 4.127 m? i 
.127 m 
v, =- = 0.8254 m*/kg 
m 5 kg 


which is greater than v, = 0.60582 m’/kg at 300 kPa. Thus no liquid is left in the cylinder when the piston starts moving. 


(c) No work is done during process 1-2 since Y = V. The pressure remains constant during process 2-3 and the work done 
during this process is 


1kJ 


W, = Í “Pav = P,(V; —V, )= (300 kPa (4.953 -aarm | 5 = 247.6 kJ 


1kPa-m 
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4-127E A spherical balloon is initially filled with air at a specified state. The pressure inside is proportional to the square 
of the diameter. Heat is transferred to the air until the volume doubles. The work done is to be determined. 


Assumptions 1 Air is an ideal gas. 2 The process is quasi-equilibrium. 
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). 


Analysis The dependence of pressure on volume can be expressed as 


1/3 
va_zD? p-(%) 
T 
2/3 
Pœ D? > P=kD? (£) 
T 
or, 
2/3 
(5) = Py = py 
Also, 
2/3 
P(e). = 1.587 
P U“ 
and 
PV PV. PV, 
ee > T, = 27, =1.587 x 2 x (600 R)=1905 R 
T T, PY, 
Thus, 


z > 2/3 2/3 
w, = f Pav=| d£) av-#(£) M -uev - ay) 
1 1 T 5\a 5 


ai : mR(T, -T,) = = Ibm)(0.06855 Btu/Ibm- R)(1905 — 600)R 


= 376 Btu 
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EES 


4-128E Problem 4-127E is reconsidered. Using the integration feature, the work done is to be determined and 
compared to the 'hand calculated" result. 


Analysis The problem is solved using EES, and the solution is given below. 


I 
NN 


[Ibm] 
30 [psia] 
600 [R] 


U3 zZ 
ll 


o 
NPR 
nou ou 
N 
* 
< 
He 


u/molarmass(air) 
_u=1545 [ft-lbf/lbmol-R] 
_1*Convert(psia,lbf/ft^2)*V_1=m*R*T_1 
1=4*pi*(D_1/2)^3/3 
_1/D_1^N 
D_1/D_2)*3=V_1/V_2 
| 2=C*D_24N 
P_2*Convert(psia, lbf/ft*2)*V_2=m*R*T_2 


Lead Rin 
=D 


SRS 
U 


U 


P=C*D^N*Convert(psia,lbf/ft^2) 
V=4*pi*(D/2)^3/3 


W_boundary_EES=integral(P,V,V_1,V_2)*convert(ft-lbf,Btu) 
W_boundary_HAND=pi*C/(2*(N+3))*(D_2“(N+3)-D_14(N+3))*convert(ft-lbf, Btu)*convert(ft*2,in*2) 


N Wooundary 39 
[Btu] 
0 287.9 
0.3333 300.6 — 
0.6667 314 Ž 
1 328.1 = a 
1.333 343.1 y 
1.667 358.9 = 
2 375.6 3 345 
2.333 393.3 5 
2.667 412 = 
3 431.8 310 
275 
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4-129 A cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant is heated both 
electrically and by heat transfer at constant pressure for 6 min. The electric current is to be determined, and the process is to 
be shown on a T-v diagram. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are negligible. 2 The thermal 
energy stored in the cylinder itself and the wires is negligible. 3 The compression or expansion process is quasi- 
equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


Ein = Eout AE tein 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin + Wein -Wb ou =AU (since Q = KE = PE = 0) 
Qin + W; in = m(h, =, h) 


Qn + (VIAL) = m(h, — h) 


since AU + W, = AH during a constant pressure quasi-equilibrium 


process. The properties of R-134a are (Tables A-11 through A-13) T 
P, =240 kPa 2 
hi = he@24oxPa = 247.28 kJ/kg 
sat. vapor 
P, =240 kPa 1 
h, =314.51 kJ/kg 
T, =70°C 
Substituting, v 
1 A 
300,000 VAs + (110 V)(Z)(6x 60 s) = (12 kg\(314.51— zar aspan OWA) 
s 


I =12.8 A 
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4-130 Saturated water vapor contained in a spring-loaded piston-cylinder device is condensed until it is saturated liquid at 


a specified temperature. The heat transfer is to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in E out z AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win ~ Qou =AU =m(u, =u) (since KE = PE = 0) 
Qour = Wp, in — MU =u) 
dout = Wb,in 7 (u, =u) 
The properties at the initial and final states are (Table A-4), 
P, = Pm@zc =1555 kPa 


Vi =V @20c =0.1272 m*/kg 
Uy =Ug@r0°c = 2594.2 kJ/kg 

P, = Pa@soc =12.35 kPa 

V3 =V r@soc = 0.001012 m?/kg 
Uy =u p@sorc = 209.33 kJ/kg 


Since this is a linear process, the work done is equal to the area under the process line 1-2: 


P +P, 
2 


Wp,out = Area = (v2 =v ) 


_ (1555 +12.35)kPa 1kJ 


(0.001012 —0.1272 m? nef) = —98.9 kJ/kg 
1kPa-m 


Thus, 
Wp in = 98.9 kJ/kg 


Substituting into energy balance equation gives 


Gout = Whin — (Uz — Uy) = 98.9 kJ/kg — (209.33 — 2594.2) kJ/kg = 2484 kJ/kg 
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4-131 A cylinder is initially filled with helium gas at a specified state. Helium is compressed polytropically to a specified 
temperature and pressure. The heat transfer during the process is to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 


Properties The gas constant of helium is R = 2.0769 kPa.m*/kg.K (Table A-1). Also, cy= 3.1156 kJ/kg.K (Table A-2). 
Analysis The mass of helium and the exponent are determined to be 


PM ____(150 kPa 0.5m’) 
RT, (2.0769 kPa -m?/kg -K {293 K) 


=0.123 kg | 


T)P,,, 413K 150kP 
EM PON gy os alin A OO 2p oan 0 seta 
RT, RT, T,P, | 293K 400 kPa He 
: 7 PV =C 
P \ [v 
prsno = a A e e > n=1.536 
P) (V 150 (0.264 g 


Then the boundary work for this polytropic process can be determined from 


Wein --f Pav = PV, -PV __mR(T, -1;) 
' ! l-n l-n 


_ (0.123 kg)(2.0769 kJ/kg : K)(413 — 293)K 
1-1.536 


=57.2 kJ 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Taking the 
direction of heat transfer to be to the cylinder, the energy balance for this stationary closed system can be expressed as 


E in E out E AE system 
SS uu ~Y 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin + Wy in, = AU = m(u, =u) 
Qin = mu =u) — Wo in 
= me, (T, —T,)— Wy in 
Substituting, 
Qin = (0.123 kg)(3.1156 kJ/kg-K)(413 - 293)K - (57.2 kJ) = -11.2 kJ 


The negative sign indicates that heat is lost from the system. 
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4-132 Nitrogen gas is expanded in a polytropic process. The work done and the heat transfer are to be determined. 


Assumptions 1 Nitrogen is an ideal gas since it is at a high temperature and low pressure relative to its critical point values 
of 126.2 K and 3.39 MPa. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 3 Constant specific 


heats can be used. 
Properties The properties of nitrogen are R = 0.2968 kJ/kg-K and c, = 0.743 kJ/kg-K (Table A-2a). 


Analysis We take nitrogen in the cylinder as the system. This is a 
closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 

E in E out = AE 


system 


reer Sect Q 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =W brout =AU= me, (T> -T,) 


Using the boundary work relation for the polytropic process of an ideal gas gives 


RT, 2 m , | — (0-2968 kJ/kg -K)(1200 K) ( 120 


0.45/1.45 
-1|=404.1kJlkg 
1-1.45 2000 


ge 


The temperature at the final state is 


(n-1)/n 0.45/1.45 
P 200 kP 
T, =T,| 2 “C500 ae = 587.3K 
P, 2000 kPa 


Substituting into the energy balance equation, 


qin = Wp out + Cy (Ty — T, ) = 404.1 kJ/kg + (0.743 kJ/kg : K)(587.3 — 1200)K = -51.1kJ/kg 


The negative sign indicates that heat is lost from the device. That is, 


Jon =51.1kJ/kg 


4-133 A cylinder and a rigid tank initially contain the same amount of an ideal gas at the same state. The temperature of 
both systems is to be raised by the same amount. The amount of extra heat that must be transferred to the cylinder is to be 
determined. 


Analysis In the absence of any work interactions, other than the boundary work, the AH and AU represent the heat transfer 
for ideal gases for constant pressure and constant volume processes, respectively. Thus the extra heat that must be supplied 
to the air maintained at constant pressure is 


Qin, extra = AH -AU = mc, AT —mc,AT = m(c, —c, AT = mRAT 


where 
IDEAL 
R . : 
pate 68 noe EK GAS 
M 25 kg/kmol 
V= const. 
Substituting, 


Oin, extra = (12 kg)(0.3326 kJ/kg'K)(15 K) = 59.9 kJ 
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4-134 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the 
electric heating system would run that night with or without solar heating are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 


Properties The density and specific heat of water at room temperature are p = 1 kg/L and c= 4.18 kJ/kg-°C (Table A-3). 
Analysis (a) The total mass of water is 


m,, = pV = (1 kg/L\50x 20 L)=1000 kg 


50,000 kJ/h 


Taking the contents of the house, including the water as our system, the 
energy balance relation can be written as 
En ~ Bi = AE system 


ERR oa. ots 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wein > Qout =AU= (AU) water T (AU) air 
= (AU) water = mce(T> =M wae 


or, 
W, At a Oout = [mc(T, T T )lwater 
Substituting, 
(15 kJ/s)At - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg:°C)(22 - 80)°C 
It gives 


At = 17,170 s = 4.77 h 


(b) If the house incorporated no solar heating, the energy balance relation above would simplify further to 
Vin At = Qout =0 
Substituting, 
(15 kJ/s)At - (50,000 kJ/h)(10 h) = 0 
It gives 


At = 33,333 s = 9.26 h 
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4-135 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature is to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 


Analysis Taking the water in the container as the system, the energy balance can be expressed as 


Ein md Eut = AE ;ystem 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein z (AU) water 
j L (] Resistance Heater] Heater 
We inAt = mc(T, z Ti )water 


Substituting, 
(1800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C 


Solving for At gives 
At = 5573 s = 92.9 min = 1.55 h 


4-136 One ton of liquid water at 50°C is brought into a room. The final equilibrium temperature in the room is to be 
determined. 


Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant. 
Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). The specific heat of water at room temperature is 
c = 4.18 kJ/kg-°C (Table A-3). 

Analysis The volume and the mass of the air in the room are 


V=4x5x6= 120 m 


PY (95 kPa 120 m°) oe 4mx5mx6m 


RT, (0.2870 kPa - m°/kg - K 288 K) ROON 
15°C 
95 kPa 


m 


air 


Taking the contents of the room, including the water, as our system, the 
energy balance can be written as 


E in E out = AE system Heat 
A 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=AU= (AU) water + (AU ) ic 


or 
[me(T; E Ti hater + [me, (7, = T his =0 
Substituting, 
(1000 kg)(4.18 kJ/kg :°CX(T; —50)°C + (137.9 kg)(0.718 kJ/kg -°CXT; —15)°C =0 
It gives 
T;= 49.2°C 


where 7;is the final equilibrium temperature in the room. 
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4-137 A room is to be heated by | ton of hot water contained in a tank placed in the room. The minimum initial temperature 
of the water is to be determined if it to meet the heating requirements of this room for a 24-h period. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored in water. 4 The room is 
maintained at 20°C at all times. 5 The hot water is to meet the heating requirements of this room for a 24-h period. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 
Analysis Heat loss from the room during a 24-h period is 


Qioss = (8000 KJ/h)(24 h) = 192,000 kJ 


8000 kJ/h 


Taking the contents of the room, including the water, as our system, 
the energy balance can be written as 


E,, -E AE 


in out system 
u~—Y 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


#0 


air 


= Qout =AU= (AU) water + (AU) 


or 


-Qour = [me(T> - Ti) water 
Substituting, 

-192,000 kJ = (1000 kg)(4.18 kJ/kg-°C)(20 - T;) 
It gives 

T; = 65.9°C 


where T; is the temperature of the water when it is first brought into the room. 
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4-138 A sample of a food is burned in a bomb calorimeter, and the water temperature rises by 3.2°C when equilibrium is 
established. The energy content of the food is to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the reaction chamber is negligible relative to the energy stored in water. 4 The energy 
supplied by the mixer is negligible. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). The constant volume specific 
heat of air at room temperature is cy = 0.718 kJ/kg-°C (Table A-2). 


Analysis The chemical energy released during the combustion of the sample is transferred to the water as heat. Therefore, 
disregarding the change in the sensible energy of the reaction chamber, the energy content of the food is simply the heat 
transferred to the water. Taking the water as our system, the energy balance can be written as 


Ein B Eou AE tem > Qin =AU 
ea en ae 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
or 5 
Reaction 
Qin A (AU ) pater = [me(T> = T Vas chamber 
Substituting, Rood 


Oin = (3 kg)(4.18 kI/kg:°C)(3.2°C) = 40.13 KJ 


AW = 32C 


for a 2-g sample. Then the energy content of the food per unit mass is 


40.13 kJ k g 


= 20,060 kJ/kg 
2g 1 kg 


To make a rough estimate of the error involved in neglecting the thermal energy stored in the reaction chamber, we treat the 
entire mass within the chamber as air and determine the change in sensible internal energy: 


(AU) rambo = [meo (T3 -T Jorampa = (0-102 kg)0.718 ki/kg:° C|3.2°C)= 0.23 KJ 


which is less than 1% of the internal energy change of water. Therefore, it is reasonable to disregard the change in the 
sensible energy content of the reaction chamber in the analysis. 
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4-139 A man drinks one liter of cold water at 3°C in an effort to cool down. The drop in the average body temperature of 
the person under the influence of this cold water is to be determined. 


Assumptions 1 Thermal properties of the body and water are constant. 2 The effect of metabolic heat generation and the 
heat loss from the body during that time period are negligible. 


Properties The density of water is very nearly | kg/L, and the specific heat of water at room temperature is c = 4.18 
kJ/kg-°C (Table A-3). The average specific heat of human body is given to be 3.6 kJ/kg.°C. 


Analysis. The mass of the water is 
m, = pV =(lkg/L\IL)=1kg 


We take the man and the water as our system, and disregard any heat and mass transfer and chemical reactions. Of course 
these assumptions may be acceptable only for very short time periods, such as the time it takes to drink the water. Then the 
energy balance can be written as 


E in E out = AE system D- 


Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


water 


or [nc(T, -T jee + [me(T, -7 water =0 
Substituting (68 kg)(3.6 kJ/kg” CXT, —39)°C + (1 kg)(4.18 kJ/kg" CXT, — 3)°C =0 
It gives 

T= 38.4°C 
Then 

AT=39 — 38.4 = 0.6°C 


Therefore, the average body temperature of this person should drop about half a degree celsius. 
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4-140 A 0.3-L glass of water at 20°C is to be cooled with ice to 5°C. The amount of ice or cold water that needs to be added 
to the water is to be determined. 


Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the glass is negligible. 3 There is no 
stirring by hand or a mechanical device (it will add energy). 


Properties The density of water is 1 kg/L, and the specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table 
A-3). The specific heat of ice at about 0°C is c = 2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are 0°C and 333.7 kJ/kg,. 


Analysis (a) The mass of the water is 


Ice cubes 
m,, = pV =(Lkg/L)(0.3 L) = 0.3 kg 0°C 
We take the ice and the water as our system, and disregard any heat and mass 
transfer. This is a reasonable assumption since the time period of the process 
is very short. Then the energy balance can be written as 
E in E out = AE system 
— 
Net energy transfer Change in internal, kinetic, Water 
by heat, work, and mass potential, etc. energies 20°C 
0=AU 0.3L 
0= AU ine + AU water 


[mc(0° C—T,) solid + mh; +mc(T> —0° C) liquid lice + [me -T )] =0 


water 
Noting that 7), ice = 0°C and T, = 5°C and substituting gives 

m[0 + 333.7 kJ/kg + (4.18 kJ/kg-°C)(5—0)°C] + (0.3 kg)(4.18 kI/kg-°C)(5—20)°C = 0 

m = 0.0546 kg = 54.6 g 

(b) When Ti, ice = —20°C instead of 0°C, substituting gives 

m[(2.11 kJ/kg-°C)[0-(-20)]°C + 333.7 kJ/kg + (4.18 kJ/kg-°C)(S—0)°C] 

+ (0.3 kg)(4.18 kJ/kg-°C)(5—20)°C = 0 
m = 0.0487 kg = 48.7 g 


Cooling with cold water can be handled the same way. All we need to do is replace the terms for ice by a term for cold 
water at 0°C: 


(AU )ectawater + (AU )water = 0 
[mc(T, -7 Jleorawarer + Pme -7 ater = © 
Substituting, 
[cota water (4.18 kI/ke-°C)(5 — 0)°C] + (0.3 kg)(4.18 kI/kg-°C)(5—20)°C = 0 
It gives 
m=0.9 kg =900 g 


Discussion Note that this is about 16 times the amount of ice needed, and it explains why we use ice instead of water to 
cool drinks. Also, the temperature of ice does not seem to make a significant difference. 
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EES 
4-141 Problem 4-140 is reconsidered. The effect of the initial temperature of the ice on the final mass of ice required 
as the ice temperature varies from -26°C to 0°C is to be investigated. The mass of ice is to be plotted against the initial 
temperature of ice. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns" 

rho_water = 1 [kg/L] 

V =0.3 [L] 

T_1 ice = 0 [C] 

T_1= 20 [C] 

T_2=5[C] 

C_ice = 2.11 [kJ/kg-C] 
C_water = 4.18 [kJ/kg-C] 
h_if = 333.7 [kJ/kg] 
T_1_ColdWater = 0 [C] 


m_water = rho_water*V "[kg]" "The mass of the water" 

"The system is the water plus the ice. Assume a short time period and neglect 
any heat and mass transfer. The energy balance becomes:" 

E_in -E_out = DELTAE_sys "[kJ]" 

E_in = 0 "[kJ]" 

E_out = O"[kJ]" 

DELTAE_sys = DELTAU_water+DELTAU_ice"[kJ]" 

DELTAU_water = m_water*C_water*(T_2 - T_1)"[kJ]" 

DELTAU_ice = DELTAU_solid_ice+DELTAU_melted_ice"[kJ]" 
DELTAU_solid_ice =m_ice*C_ice*(0-T_1_ ice) + m_ice*h_if"[kJ]" 
DELTAU_melted_ice=m_ice*C_water*(T_2 - 0)"[kJ]" 
m_ice_grams=m_ice*convert(kg,g)"[g]" 

“Cooling with Cold Water:" 

DELTAE_sys = DELTAU_water+DELTAU_ColdWater"[kJ]" 

DELTAU_water = m_water*C_water*(T_2 ColdWater - T_1)"[kJ]" 
DELTAU_ColdWater = m_ColdWater*C_water*(T_2_ ColdWater - T_1 ColdWater)"[kJ]" 
m_ColdWater_grams=m_ColdWater*convert(kg,g)"[g]" 


Trice Mice,grams 54 roars La a TTT TT TT TT TT a ae a 
[C] [g] ggi 
-26 45.94 | Pa 
-24 46.42 52 i 
-22 46.91 L p 
-20 47.4 51 a 
-18 47.91 a | “7 
-16 48.43 ae i 
7) L cs 
-14 48.97 E 40 a 
-12 49.51 a | Lae 
-10 50.07 È 48 p 
-8 50.64 E ł m 
-6 51.22 47 < 
L A 
-4 51.81 aket 
-2 52.42 i 
0 53.05 45 pe Pe a 
-24 -20 -16 -12 -8 -4 (0) 
Trice [C] 
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4-142 A rigid tank filled with air is connected to a cylinder with zero clearance. The valve is opened, and air is 

allowed to flow into the cylinder. The temperature is maintained at 30°C at all times. The amount of heat transfer with 
the surroundings is to be determined. 

Assumptions 1 Air is an ideal gas. 2 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 3 There are 
no work interactions involved other than the boundary work. 


Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). 


Analysis We take the entire air in the tank and the cylinder to 
be the system. This is a closed system since no mass crosses 
the boundary of the system. The energy balance for this closed 
system can be expressed as 


Ein ~ Eont = AE 


system 
lama. = 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin — Wo out = AU = m(uz =u) =0 
Qin = Wy out 


since u = u(T) for ideal gases, and thus uz = u; when Tı = T, . The 

initial volume of air is 
BY, im PV, > A 
o P, T, 


_ B To y _ 400 kPa 


/ x 1x (0.4 m°?) = 0.80 m? 
200 kPa 


The pressure at the piston face always remains constant at 200 kPa. Thus the boundary work done during this process is 


— =80kJ 
1 kP 


a:m 


2 
Wrot = f ` PdV = P, (V, — Vi) = (200 KPa)(0.8 - oam | 


Therefore, the heat transfer is determined from the energy balance to be 


Wy out = Qin = 80kJ 
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4-143 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average 
temperature in the room after 30 min is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy 
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some 
warm air escapes. 

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, cp = 1.005 kJ/kg.K for air at room 
temperature (Table A-2). 


Analysis We first take the radiator as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 


Ein a Eout = AE. stein 
ae 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
-Qut = AU =m(u,-—u,) (sinceW = KE = PE =0) 10°C 


4mx4mx5m 


Qout = (Uy — Uy) 
Using data from the steam tables (Tables A-4 through A-6), some 
properties are determined to be 
P, = 200 kPa | v, = 1.08049 m*/kg 
T, = 200°C | u, = 2654.6 kJ/kg 
P, =100 kPa a = 0.001043, v, =1.6941 m*/kg 
(v, =u) uy, =41740, uy = 2088.2 kJ/kg 


ve, UE TUS _ 1.08049-0.001043 _ 9 6376 
Ue  1.6941—0.001043 ` 


Uy =U f + XU p =417.40 +0.6376 x 2088.2 = 1748.7 kJ/kg 
V, 0.015 m3 
7 vi “1.08049 m°/kg 
Substituting, Qout = (0.0139 kg)( 2654.6 — 1748.7) kJ/kg = 12.58 kJ 
The volume and the mass of the air in the room are V= 4x4x5 = 80 m? and 


PV (100 kPa 80 m°) 
RT, (0.2870 kPa - m°/kg - K {283 K) 


= 0.0139 kg 


ih, = = 98.5 kg 


The amount of fan work done in 30 min is 
Wanin = Won int = (0.120 kJ/s)(30x 60s) = 216kJ 
We now take the air in the room as the system. The energy balance for this closed system is expressed as 
Ein — Eou = AE system 
Qin + Weanin — Wo,out = AU 
Qin + Wein = AH = me, (D-7) 


since the boundary work and AU combine into AZ for a constant pressure expansion or compression process. It can also be 
expressed as 


(Orn + Weanin At = MC p ave (T> z Ti) 
Substituting, (12.58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(T, - 10)°C 
which yields 

T, = 12.3°C 


Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min. 
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4-144 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 


Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K is cy= 0.743 kI/kg-°C. for 
Np, and R = 2.0769 kPa.m*/kg.K is c,= 3.1156 kJ/kg-°C for He (Tables A-1 and A-2) 


Analysis The mass of each gas in the cylinder is 


A E ) 7 (500 kPa i m?) SART ke 
“2 URT, Jy, (0.2968 kPa-m3/kg-K 393 K) 

a -(24) : (500 kPa i m°) E 
He (RT, Jye (2.0769 kPa-m°/kg-K {813 K) 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 
En E Eout = AE;ystem 


uU—_—-—“ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0=AU =(AU)y, + (AU Jue 
0 =[me,(T, -T)In, + tne, Ty — Tite 
Substituting, 
(4.287 kg 0.743 kJ/kg -°C)(T , —120PC + (0.7691 kg 3.1156 kJ/kg -°C)\\T, -40}C = 0 


It gives 
T= 85.7°C 
where 7;is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


Discussion Using the relation PV= NR,T, it can be shown that the total number of moles in the cylinder is 0.153 + 0.192 = 
0.345 kmol, and the final pressure is 515 kPa. 
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4-145 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder when thermal equilibrium is established is to be 
determined for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 


Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m*/kg.K is cy= 0.743 kJ/kg:°C for 
Np, and R = 2.0769 kPa.m*/kg.K is cy= 3.1156 kJ/kg-°C for He (Tables A-1 and A-2). The specific heat of copper piston 
is c= 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 


my, = (44 ) = (500 kPa m`) = 4.287 kg ee i 
2 À RT, Jy, (0.2968 kPa -m°/kg -K {693 K) AEEA Paa 
a - ) E (500 kPa) m3) ese 120°C 40°C 
He (RT, Jie (20769 kPa-m?/kg-K 313 K) 


Taking the entire contents of the cylinder as our system, the 1st law 
relation can be written as 


E in E out T AE system 
Amna 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0 = AU = (AU), + (AU Jie +(AU eu 
0 =[me, (ZT, -D)ly, + ley (D — Tite + [me -7 )]cu 


where 
Ti, cu = (120 +40) /2 = 80°C 
Substituting, 
(4.287 kg)(0.743 KJ/kg:° Clr, -120PC + (0.7691 kg)3.1156 kJ/kg” Cl, —40PC 
+(8 kg)(0.386 kJ/kg Clr, -80PC = 0 
It gives 


T;= 83.7°C 
where 7; is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 
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> 
4-146 Problem 4-145 is reconsidered. The effect of the mass of the copper piston on the final equilibrium 
temperature as the mass of piston varies from | kg to 10 kg is to be investigated. The final temperature is to be plotted 
against the mass of piston. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

R_u=8.314 [kJ/kmol-K] 

V_N2[1]=1 [m^3] 

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C" 
R_N2=0.2968 [kJ/kg-K] "From Table A-2(a)" 
T_N2[1]=120 [C] 

P_N2[1]=500 [kPa] 

V_He[1]=1 [m^3] 

Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C" 
T_He[1]=40 [C] 

P_He[1]=500 [kPa] 

R_He=2.0769 [kJ/kg-K] "From Table A-2(a)" 
m_Pist=8 [kg] 

Cv_Pist=0.386 [kJ/kg-K] "Use Cp for Copper from Table A-3(b) at 27C" 


"Solution:" 

"mass calculations:" 
P_N2[1]*V_N2[1]=m_N2*R_N2*(T_N2[1]+273) 
P_He[1]*V_He[1]=m_He*R_He*(T_He[1]+273) 


"The entire cylinder is considered to be a closed system, neglecting the piston." 
“Conservation of Energy for the closed system:" 

"E_in- E out = DELTAE_negPist, we neglect DELTA KE and DELTA PE for the cylinder.” 
E_in-E_out = DELTAE_negIPist 

E_in =0 [kJ] 

E_out = 0 [kJ] 


"At the final equilibrium state, N2 and He will have a common temperature." 

DELTAE_neglPist= m_N2*Cv_N2*(T_2_neglPist-T_N2[1])+m_He*Cv_He*(T_2_neglPist-T_He[1]) 
"The entire cylinder is considered to be a closed system, including the piston." 

"Conservation of Energy for the closed system:" 

"E_in -E_out = DELTAE_withPist, we neglect DELTA KE and DELTA PE for the cylinder." 

E in-E_out= DELTAE_ withPist 


"At the final equilibrium state, N2 and He will have a common temperature." 
DELTAE_withPist= m_N2*Cv_N2*(T_2_withPist-T_N2[1])+m_He*Cv_He*(T_2_withPist- 
T_He[1])+m_Pist*Cv_Pist*(T_2_withPist-T_Pist[1]) 

T_Pist[1]=(T_N2[1]+T_He[1])/2 

"Total volume of gases:" 

V_total=V_N2[1]+V_He[1] 

"Final pressure at equilibrium:" 

"Neglecting effect of piston, P_2 is:" 
P_2_neglPist*V_total=N_total*R_u*(T_2_neglPist+273) 


"Including effect of piston, P_2 is:" 
N_total=m_N2/molarmass(nitrogen)+m_He/molarmass(Helium) 
P_2_withPist*V_total=N_total*R_u*(T_2_withPist+273) 
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Mpist Tanegipist | T2,withPist 86 
il | E [C] 
85.65 85.29 H ee F " o a H 
85.5 Without 
2 85.65 84.96 
3 85.65 84.68 4 
4 85.65 84.43 85 
5 85.65 84.2 = 4 
6 85.65 83.99 O, 84.5 
7 85.65 83.81 E f ae ak piston 1 
8 85.65 83.64 —— 1 
9 85.65 83.48 84 = 
10 85.65 83.34 | 
~ ] 
83.5 
— 
83 
4 5 6 7 8 9 10 
mpist [kg] 
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4-147 A piston-cylinder device initially contains saturated liquid water. An electric resistor placed in the tank is turned on 
until the tank contains saturated water vapor. The volume of the tank, the final temperature, and the power rating of the 
resistor are to be determined. 


Assumptions 1 The cylinder is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions. 


Properties The initial properties of steam are (Table A-4) 


T, = 200°C 


x, = 


h, = 852.26 kJ/kg 


Ii = 0.001157 m?/kg 
P, = 1554.9 kPa 


Analysis (a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. 
Noting that the volume of the system is constant and thus there is no boundary work, the energy balance for this stationary 
closed system can be expressed as 


En -E = AE 


in out system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein -Wou = AU = mlu, —u,) (since Q=KE = PE =0) Water 
= =AH = 1.4 kg, 200°C W, 
Win = We out +AU = = mh, Eš hı) 5 $ 


sat. liq. 


since 


W, out +AU = AH for a constant-pressure process. 
The initial and final volumes are 
V, = my, = (1.4kg)(0.001157 m?/kg) = 0.001619 m° 
V, =4(0.001619 m°?) = 0.006476 m? 
(b) Now, the final state can be fixed by calculating specific volume 


3 
PN e N E T eam Vee 
m 1.4 kg 


The final state is saturated mixture and both pressure and temperature remain constant during the process. Other properties 
are 
P, = P, =1554.9 kPa 


3 h, =905.65 kJ/kg (Table A-4 or EES) 
v, = 0.004626 m”/kg 


T, =T, =200°C 
x, = 0.02752 


(c) Substituting, 
Wein = (1.4 kg)(905.65 — 852.26) kJ/kg = 74.75 kJ 


Finally, the power rating of the resistor is 


w = Win = 74.75 kJ 


7 = 0.0623 kW 
"At 20x60 s 
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4-148 A piston-cylinder device contains an ideal gas. An external shaft connected to the piston exerts a force. For an 
isothermal process of the ideal gas, the amount of heat transfer, the final pressure, and the distance that the piston is 
displaced are to be determined. 


Assumptions 1 The kinetic and potential energy changes are W 
negligible, Ake = Ape = 0 . 2 The friction between the piston and the 
cylinder is negligible. 

Analysis (a) We take the ideal gas in the cylinder to be the system. This 


is a closed system since no mass crosses the system boundary. The 
energy balance for this stationary closed system can be expressed as 


Ein = E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wo in ~ Qout = AV idealigas = MC, (T3 -T )ideat gas) =9 (since T, =T, and KE = PE =0) 
Wain = Qout 


Thus, the amount of heat transfer is equal to the boundary work input 


Qout i Wein =0.1kJ 
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(b) The relation for the isothermal work of an ideal gas may be used to determine the final volume in the cylinder. But we 


first calculate initial volume 


V =L (0.2 m) = 0.002262 m? 


m?  z(0.12m)? 
4 
Then, 


Wain = -AU nf 2) 
“v 


0.1kJ = -(100 kPa)(0.002262 mya Ms z >V; = 0.001454 m°? 
0.002262 m 


The final pressure can be determined from ideal gas relation applied for an isothermal process 
PV, = P,V, ——>(100kPa)(0.002262 m°) = P, (0.001454m?)——> P, = 155.6 kPa 
(c) The final position of the piston and the distance that the piston is displaced are 


2 
V, = a L, ——> 0.001454 m°? 


2 
Oe, —> L, =0.1285m 


AL = L, - L, = 0.20- 0.1285 = 0.07146m =7.1cm 
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4-149 A piston-cylinder device with a set of stops contains superheated steam. Heat is lost from the steam. The pressure 
and quality (if mixture), the boundary work, and the heat transfer until the piston first hits the stops and the total heat 
transfer are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape = 0 . 2 The friction between the piston 
and the cylinder is negligible. 

Analysis (a) We take the steam in the cylinder to be the system. This is a closed system 


since no mass crosses the system boundary. The energy balance for this stationary 
closed system can be expressed as 


Ein ~ Psst =m AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win —Qour =AU (since KE = PE = 0) 


Denoting when piston first hits the stops as state (2) and the final state as (3), the 
energy balance relations may be written as 


Wain ~ Qout,1-2 =m(u, - Uy) 
Wain T Qout,1-3 =m(u; -U;) 
The properties of steam at various states are (Tables A-4 through A-6) 


Tsat@3.5 MPa 7 242.56°C 
T, =T, + AT, = 242.56 +7.4 = 250°C 


P, =3.5 MPa |v, = 0.05875 m3 /kg 
T, =250°C Ju, = 2623.9 kJ/kg 


P, = P, =3.5MPa ie = 0.001235 m*/kg 


yai u, =1045.4 kJ/kg 
= 0.00062 
v, =v, =0.001235 i? = 1555 kPa 
= 
T, = 200°C u, = 851.55 kJ/kg 


(b) Noting that the pressure is constant until the piston hits the stops during which the boundary work is done, it can be 
determined from its definition as 


W, in =mP, (v; - v3) = (0.35 kg)(3500 kPa)(0.05875—0.001235)m> = 70.45 kJ 


(c) Substituting into energy balance relations, 


Oput.1-2 = 70.45 KJ — (0.35 kg)(1045.4 — 2623.9)kJ/kg = 622.9 kJ 


(d) Oout.1-3 = 70-45 kJ — (0.35 kg)(851.55 — 2623.9)kI/kg = 690.8 kJ 
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4-150 An insulated rigid tank is divided into two compartments, each compartment containing the same ideal gas at 
different states. The two gases are allowed to mix. The simplest expression for the mixture temperature in a specified 
format is to be obtained. 


Analysis We take the both compartments together as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in E out = AE system 
ee ——_ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=AU_ (sinceQ =W =KE= PE =0) mı m 
0 = mc, (B -T;) + mc, (B - Th) T, n 


(m + mz)T3 = mT, + mT, 
and m, =m; +m, 


Solving for final temperature, we find 


mı My 
T; =—T,+—T, 
m3 m3 


4-151 A relation for the explosive energy of a fluid is given. A relation is to be obtained for the explosive energy of an 
ideal gas, and the value for air at a specified state is to be evaluated. 


Properties The specific heat ratio for air at room temperature is k = 1.4. 
Analysis The explosive energy per unit volume is given as 


uy — Ug 


explosion = 
vi 


For an ideal gas, 


Uy -u2 = cdT - Tə) 


C—C, =R 
RT, 
v =— 
P 
and thus 
Cy Cyr: 1 o 1 
R Ccp>=cĉy Cp/C-l1 k-l 
Substituting, 


P _ ey (%,-T>)_ Pi a 


explosion RT, IP, k-l 


which is the desired result. 


Using the relation above, the total explosive energy of 20 m? of air at 5 MPa and 100°C when the surroundings are 
at 20°C is determined to be 


3 
sig - Z| 1B.) Goo apeo m (1-238 1kJ )=sa619 10 


E explosion 3 
k-1 T 1.4-1 373 K J1 kPa -m 


explosion 
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4-152 Using the relation for explosive energy given in the previous problem, the explosive energy of steam and its TNT 
equivalent at a specified state are to be determined. 


Assumptions Steam condenses and becomes a liquid at room temperature after the explosion. 


Properties The properties of steam at the initial and the final states are (Table A-4 through A-6) 


P =10 MPa | y, = 0.032811 m*/kg 
T,=500°C J u, =3047.0 kJ/kg j 
T, = 25°C 


Comp. liquid 


| Uz =U r@osc = 104.83 kJ/kg 25°C 


Analysis The mass of the steam is 


2 3 
ese ae = 609.6 kg 


vı 0.032811 m*/kg 


Then the total explosive energy of the steam is determined from 


= m(u, — u, )= (609.6 kg\3047.0 — 104.83 kJ/kg =1,793,436 kJ 


E explosive 
which is equivalent to 


1,793,436 kJ 
3250 kJ/kg of TNT 


= 551.8 kg of TNT 
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4-153 Carbon dioxide is compressed polytropically in a piston-cylinder device. The final temperature is to be determined 
treating the carbon dioxide as an ideal gas and a van der Waals gas. 


Assumptions The process is quasi-equilibrium. 
Properties The gas constant of carbon dioxide is R = 0.1889 kJ/kg-K (Table A-1). 


Analysis (a) The initial specific volume is 


RT, 1889 kJ/kg -K)(473 K 
Gy ee OS SEY 6108056 
P, 1000 kPa 
, i CO; 
From polytropic process expression, 1 MPa 
1/n 1/1.5 200°C 
P, 
v, =v,| —| =(0.08935 mig 2002 = 0.04295 m3/kg PV'*= const. 
P, 3000 


The final temperature is then 


Pav, _ (3000 kPa)(0.04295 m°/kg) 
R 0.1889 kJ/kg -K 


T, =682.1K 


(b) The van der Waals equation of state for carbon dioxide is 


(P+ i)a- 0.0428) = R,T 
V 


When this is applied to the initial state, the result is 


365.8 


v? 


on + \e - 0.0428) = (8.314)(473) 


whose solution by iteration or by EES is 
J, = 3.882 m?/kmol 
The final molar specific volume is then 


1000 


1/1.5 
asides = 1.866 m*/kmol 
3000 


l/n 

P 

v, = a) = (3.882 "mot 
P, 


Substitution of the final molar specific volume into the van der Waals equation of state produces 


R 2 8.314 (1.866) 


u 


1 65.8) — 1 
T, = Ge- ‘o 0028) = 1 {300 ape S|. 0.0428) = 680.9K 
VU 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


4-114 


4-154 Carbon dioxide contained in a spring-loaded piston-cylinder device is compressed in a polytropic process. The final 
temperature is to be determined using the compressibility factor. 


Properties The gas constant, the critical pressure, and the critical temperature of CO, are, from Table A-1, 
R= 0.1889 kPa-m*/kg-K, Tor = 304.2 K, Pa = 7.39 MPa 
Analysis From the compressibility chart at the initial state (Fig. A-15 or EES), 


T, 473K 
Tri z= = Z= = P 
T,, 304.2K 
k Soi Z, =0.991 
a 
Py, =—= =0.135 
P, 7.39 MPa 


cr 


The specific volume does not change during the process. Then, 


ZRT, i ; em /ke- 
danaa ı _ (0.991)(0.1889 kPa - m*/kg - K)(473 K) -0.08855 m?/kg 
P 1000 kPa 
At the final state, 

P. MP 
pya aes 9.406 

P, 7.39 MPa 

5 Z, =1.0 

V2 actual 0.08855 m°/kg 

VR = = 


=11.4 
RT,,/P, (0.1889 kPa - m?/kg - K)(304.2 K)/(7390 kPa) 


Thus, 


r, - PY2 _ (8000 kPa)(0.08855 m3/kg) 


7 ; =1406 K 
Z,R — (1.0)(0.1889 kPa - m*/kg - K) 
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4-155E Two adiabatic tanks containing water at different states are connected by a valve. The valve is now opened, 
allowing the water vapor from the high-pressure tank to move to the low-pressure tank until the pressure in the two 
becomes equal. The final pressure and the final mass in each tank are to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no heat or 
work interactions involved 


Analysis We take both tanks as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


Ein Lea = AE 


system 
Net energy transfer Change in internal, kinetic, Water Water 
by heat, work, and mass potential, etc. energies 10 ft ol 10 fe 
0=AU =U, -U, =0 450 psia 15 psia 
U =U, x=0.10 x=0.75 


mM; 4Uy 4 +M guig =M 4U2, 4 +M BUy B 
where the high-pressure and low-pressure tanks are denoted by A and B, respectively. The specific volume in each tank is 


P,a =450psia | v4 =v; +x¥ a = 0.01955 + (0.10)(1.0324 — 0.01955) = 0.12084 ft? /Ibm 
xj = 0.10 Uy 4 =U f +XU p = 435.67 + (0.10)(683.52) = 504.02 Btu/Ibm 


Pig =15psia | vig =v; +x p =0.01672 + (0.75)(26.297 — 0.01672) = 19.727 ft? /Ibm 
xı g S075 Ui g =U p +XU p =181.16 + (0.75)(896.52) = 853.55 Btu/lbm 
1B 1,B J Ig 


The total mass contained in the tanks is 


3 3 
m=- 48 —_10R__,__OR__ 89.75 40.5069 = 83.26 Ibm 
Va Yip 0.12084 ft?/lbm 19.727 f3/Ibm 


Similarly, the initial total internal energy contained in both tanks is 


U, =m, 41,4 +m; gu g = (82.75)(504.02) + (0.5069)(853.55) = 42,155 kJ 


The internal energy and the specific volume are 


U 
Coel BW SBO 


is ia eae  83261bm 
3 
vu =v = V- Ot gzim bm 
m 83.26lbm 


Now, the final state is fixed. The pressure in this state may be obtained by iteration in water tables (Table A-5E). We used 
EES to get the exact result: 


P, =313 psia 
Since the specific volume is now the same in both tanks, and both tanks have the same volume, the mass is equally divided 


between the tanks at the end of this process, 


_ m _ 83.26 Ibm 
2 


= 41.63 Ibm 


M 4-=M pB 
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Fundamentals of Engineering (FE) Exam Problems 


4-156 A frictionless piston-cylinder device and a rigid tank contain 3 kmol of an ideal gas at the same temperature, pressure 
and volume. Now heat is transferred, and the temperature of both systems is raised by 10°C. The amount of extra heat that 
must be supplied to the gas in the cylinder that is maintained at constant pressure is 


(a) OkJ (b) 27 kJ (c) 83 kJ (d) 249 kJ (e) 300 kJ 
Answer (d) 249 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"Note that Cp-Cv=R, and thus Q_diff=m*R*dT=N*Ru*dT" 
N=3 "kmol" 

Ru=8.314 "kJ/kmol.K" 

T_change=10 

Q_diff=N*Ru*T_change 


"Some Wrong Solutions with Common Mistakes:" 

W1_Qdiff=0 "Assuming they are the same" 
W2_Qdiff=Ru*T_change "Not using mole numbers" 
W3_Qdiff=Ru*T_change/N "Dividing by N instead of multiplying" 
W4_Qdiff=N*Rair*T_change; Rair=0.287 "using R instead of Ru" 


4-157 The specific heat of a material is given in a strange unit to be C = 3.60 kJ/kg.°F. The specific heat of this material in 
the SI units of kJ/kg.°C is 


(a) 2.00 kJ/kg.°C (b) 3.20 kJ/kg.°C (c) 3.60 kJ/kg.°C (d) 4.80 kJ/kg.°C (e) 6.48 kJ/kg.°C 
Answer (e) 6.48 kJ/kg.°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.60 "kJ/kg.F" 
C_SI=C*1.8 "kJ/kg.C" 


"Some Wrong Solutions with Common Mistakes:" 
W1_C=C "Assuming they are the same" 
W2_C=C/1.8 "Dividing by 1.8 instead of multiplying" 
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4-158 A 3-m’ rigid tank contains nitrogen gas at 500 kPa and 300 K. Now heat is transferred to the nitrogen in the tank and 
the pressure of nitrogen rises to 800 kPa. The work done during this process is 


(a) 500 kJ (b) 1500 kJ (c) OkJ (d) 900 kJ (e) 2400 kJ 
Answer (b) 0 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=3 "m3" 

P1=500 "kPa" 

T1=300 "K" 

P2=800 "kPa" 

W=0 "since constant volume" 


"Some Wrong Solutions with Common Mistakes:" 
R=0.297 

W1_W=V*(P2-P1) "Using W=V*DELTAP" 
W2_W=V*P1 

W3_W=V*P2 

W4_W=R*T1*In(P1/P2) 


4-159 A 0.5-m’ cylinder contains nitrogen gas at 600 kPa and 300 K. Now the gas is compressed isothermally to a volume 
of 0.1 m°. The work done on the gas during this compression process is 


(a) 720 kJ (b) 483 kJ (c) 240 kJ (d) 175 kJ (e) 143 kJ 
Answer (b) 483 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=8.314/28 

V1=0.5 "m^3" 

V2=0.1 "m^3" 

P1=600 "kPa" 

T1=300 "K" 

P1*V1=m*R*T1 

W=m*R*T1* In(V2/V1) "constant temperature" 
"Some Wrong Solutions with Common Mistakes:" 
W1_WE=R*T1* In(V2/V1) "Forgetting m" 
W2_W=P1*(V1-V2) "Using V*DeltaP" 
P1*V1/T1=P2*V2/T1 

W3_W=(V1-V2)*(P1+P2)/2 "Using P_ave*Delta V" 
W4_W=P1*V1-P2*V2 "Using W=P1V1-P2V2" 
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4-160 A well-sealed room contains 60 kg of air at 200 kPa and 25°C. Now solar energy enters the room at an average rate 
of 0.8 kJ/s while a 120-W fan is turned on to circulate the air in the room. If heat transfer through the walls is negligible, the 
air temperature in the room in 30 min will be 


(a) 25.6°C (b) 49.8°C (c) 53.4°C (d) 52.5°C (e) 63.4°C 
Answer (e) 63.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg. K" 

m=60 "kg" 

P1=200 "kPa" 

T1=25 "C" 

Qsol=0.8 "kJ/s" 

time=30*60 "s" 

Wfan=0.12 "kJ/s" 

“Applying energy balance E_in-E_out=dE_system gives" 
time*(Wfan+Qsol)=m*Cv*(T2-T1) 


"Some Wrong Solutions with Common Mistakes:" 

Cp=1.005 "kJ/kg.K" 

time*(Wfan+Qsol)=m*Cp*(W1_T2-T1) "Using Cp instead of Cv " 
time*(-Wfan+Qsol)=m*Cv*(W2_T2-T1) "Subtracting Wfan instead of adding" 
time*Qsol=m*Cv*(W3_T2-T1) “Ignoring Wfan" 
time*(Wfan+Qsol)/60=m*Cv*(W4_T2-T1) "Using min for time instead of s" 


4-161 A 2-kW baseboard electric resistance heater in a vacant room is turned on and kept on for 15 min. The mass of the 
air in the room is 75 kg, and the room is tightly sealed so that no air can leak in or out. The temperature rise of air at the end 
of 15 min is 


(a) 8.5°C (b) 12.4°C (c) 24.0°C (d) 33.4°C (e) 54.8°C 
Answer (d) 33.4°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg. K" 

m=75 "kg" 

time=15*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e=m*Cv*DELTAT "kJ" 


"Some Wrong Solutions with Common Mistakes:" 

Cp=1.005 "kJ/kg.K" 

time*W_e=m*Cp*W1_DELTAT "Using Cp instead of Cv" 
time*W_e/60=m*Cv*W2_DELTAT "Using min for time instead of s" 
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4-162 A room contains 75 kg of air at 100 kPa and 15°C. The room has a 250-W refrigerator (the refrigerator consumes 
250 W of electricity when running), a 120-W TV, a 1.8-kW electric resistance heater, and a 50-W fan. During a cold winter 
day, it is observed that the refrigerator, the TV, the fan, and the electric resistance heater are running continuously but the 
air temperature in the room remains constant. The rate of heat loss from the room that day is 


(a) 5832 kJ/h (b) 6192 kJ/h (c) 7560 kJ/h (d) 7632 kJ/h (e) 7992 kJ/h 
Answer (e) 7992 kJ/h 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 
Cv=0.718 "kJ/kg.K" 
m=75 "kg" 

P_1=100 "kPa" 
T_1=15 "C" 
time=30*60 "s" 
W_ref=0.250 "kJ/s" 
W_TV=0.120 "kJ/s" 
W_heater=1.8 "kJ/s" 
W_fan=0.05 "kJ/s" 


"Applying energy balance E_in-E_out=dE_system gives E_out=E_in since T=constant and dE=0" 
E_gain=W_ref+W_TV+W_heater+W_fan 
Q_loss=E_gain*3600 "kJ/h" 


"Some Wrong Solutions with Common Mistakes:" 
E_gain1=-W_ref+W_TV+W_heater+W_fan "Subtracting Wrefrig instead of adding" 
W1_Qloss=E_gain1*3600 "kJ/h" 

E_gain2=W_ref+W_TV+W_heater-W_fan "Subtracting Wfan instead of adding" 
W2_Qloss=E_gain2*3600 "kJ/h" 

E_gain3=-W_ref+W_TV+W_heater-W_fan "Subtracting Wrefrig and Wfan instead of adding" 
W3_Qloss=E_gain3*3600 "kJ/h" 

E_gain4=W_ref+W_heater+W_fan "Ignoring the TV" 

W4_Qloss=E_gain4*3600 "kJ/h" 
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4-163 A piston-cylinder device contains 5 kg of air at 400 kPa and 30°C. During a quasi-equilibrium isothermal expansion 
process, 15 kJ of boundary work is done by the system, and 3 kJ of paddle-wheel work is done on the system. The heat 
transfer during this process is 


(a) 12 kJ (b) 18 kJ (c) 2.4 kJ (d) 3.5 kJ (e) 60 kJ 
Answer (a) 12 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg. K" 

m=5 "kg" 

P_1=400 "kPa" 

T=30 "C" 

Wout_b=15 "kJ" 

Win_pw=3 "kJ" 

"Noting that T=constant and thus dE_system=0, applying energy balance E_in-E_out=dE_system gives" 
Q_in+Win_pw-Wout_b=0 


"Some Wrong Solutions with Common Mistakes:" 
W1_Qin=Q_in/Cv "Dividing by Cv" 
W2_Qin=Win_pw+Wout_b "Adding both quantities" 
W3_Qin=Win_pw "Setting it equal to paddle-wheel work 
W4_Qin=Wout_b "Setting it equal to boundaru work" 
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4-164 A container equipped with a resistance heater and a mixer is initially filled with 3.6 kg of saturated water vapor at 
120°C. Now the heater and the mixer are turned on; the steam is compressed, and there is heat loss to the surrounding air. 
At the end of the process, the temperature and pressure of steam in the container are measured to be 300°C and 0.5 MPa. 
The net energy transfer to the steam during this process is 


(a) 274 kJ (b) 914 kJ (c) 1213 kJ (d) 988 kJ (e) 1291 kJ 
Answer (d) 988 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=3.6 "kg" 

T1=120 "C" 

x1=1 "saturated vapor" 

P2=500 "kPa" 

T2=300 "C" 

u1l=INTENERGY(Steam_IAPWS, T=T1,x=x1) 

u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

"Noting that Eout=0 and dU_system=m*(u2-u1), applying energy balance E_in-E_out=dE_system gives" 
E_out=0 

E_in=m*(u2-u1) 


"Some Wrong Solutions with Common Mistakes:" 
Cp_steam=1.8723 "kJ/kg.K" 

Cv_steam=1.4108 "kJ/kg.K" 

W1_Ein=m*Cp_Steam*(T2-T1) "Assuming ideal gas and using Cp" 
W2_Ein=m*Cv_steam*(T2-T1) "Assuming ideal gas and using Cv" 
W3_Ein=u2-u1 "Not using mass" 
h1=ENTHALPY(Steam_IAPWS,T=T1,x=x1) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

W4_Ein=m*(h2-h1) "Using enthalpy” 
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4-165 A 6-pack canned drink is to be cooled from 18°C to 3°C. The mass of each canned drink is 0.355 kg. The drinks can 
be treated as water, and the energy stored in the aluminum can itself is negligible. The amount of heat transfer from the 6 
canned drinks is 


(a) 22 kJ (b) 32 kJ (c) 134 kJ (d) 187 kJ (e) 223 kJ 
Answer (c) 134 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.18 "kJ/kg.K" 

m=6*0.355 "kg" 

T1=18 "C" 

T2=3 "C" 

DELTAT=T2-T1 "C" 

"Applying energy balance E_in-E_out=dE_system and noting that d(U_system=m*C*DELTAT gives" 
-Q_out=m*C*DELTAT "kJ" 


"Some Wrong Solutions with Common Mistakes:" 

-W1_Qout=m*C*DELTAT/6 "Using one can only" 

-W2_Qout=m*C*(T1+T2) "Adding temperatures instead of subtracting" 
-W3_Qout=m*1.0*DELTAT "Using specific heat of air or forgetting specific heat" 


4-166 A glass of water with a mass of 0.45 kg at 20°C is to be cooled to 0°C by dropping ice cubes at 0°C into it. The latent 
heat of fusion of ice is 334 kJ/kg, and the specific heat of water is 4.18 kJ/kg.°C. The amount of ice that needs to be added 
is 


(a) 56g (b) 113 g (c) 124 g (d) 224 g (e) 450 g 
Answer (b) 113 g 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.18 "kJ/kg.K" 

h_melting=334 "kJ/kg.K" 

m_w=0.45 "kg" 

T1=20 "C" 

T2=0 "C" 

DELTAT=T2-T1 "C" 

"Noting that there is no energy transfer with the surroundings and the latent heat of melting of ice is 
transferred form the water, and applying energy balance E_in-E_out=dE_system to ice+water gives" 
dE_ice+dE_w=0 

dE_ice=m_ice*h_melting 

dE_w=m_w*C*DELTAT "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_mice*h_melting*(T1-T2)+m_w*C*DELTAT=0 “Multiplying h_latent by temperature difference" 
W2_mice=m_w "taking mass of water to be equal to the mass of ice" 
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4-167 A 2-kW electric resistance heater submerged in 5-kg water is turned on and kept on for 10 min. During the process, 
300 kJ of heat is lost from the water. The temperature rise of water is 


(a) 0.4°C (b) 43.1°C (c) 57.4°C (d) 71.8°C (e) 180.0°C 
Answer (b) 43.1°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.18 "kJ/kg.K" 

m=5 "kg" 

Q_loss=300 "kJ" 

time=10*60 "s" 

W_e=2 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
time*W_e-Q_loss = dU_system 
dU_system=m*C*DELTAT "kJ" 


"Some Wrong Solutions with Common Mistakes:" 

time*W_e = m*C*W1_T "Ignoring heat loss" 

time*W_e+Q_ loss = m*C*W2_T "Adding heat loss instead of subtracting" 
time*W_e-Q_ loss = m*1.0*W3_T "Using specific heat of air or not using specific heat" 


4-168 1.5 kg of liquid water initially at 12°C is to be heated to 95°C in a teapot equipped with a 800 W electric heating 
element inside. The specific heat of water can be taken to be 4.18 kJ/kg.°C, and the heat loss from the water during 
heating can be neglected. The time it takes to heat the water to the desired temperature is 


(a) 5.9 min (b) 7.3 min (c) 10.8 min (d) 14.0 min (e) 17.0 min 


Answer (c) 10.8 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=4.18 "kJ/kg.K" 

m=1.5 "kg" 

T1=12 "C" 

T2=95 "C" 

Q_loss=0 "kJ" 

W_e=0.8 "kJ/s" 

"Applying energy balance E_in-E_out=dE_system gives" 
(time*60)*W_e-Q_ loss = dU_system "time in minutes" 
dU_system=m*C*(T2-T1) "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_time*60*W_e-Q_loss = m*C*(T2+T1) "Adding temperatures instead of subtracting" 
W2_time*60*W_e-Q_ loss = C*(T2-T1) "Not using mass" 
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4-169 An ordinary egg with a mass of 0.1 kg and a specific heat of 3.32 kJ/kg.°C is dropped into boiling water at 95°C. If 
the initial temperature of the egg is 5°C, the maximum amount of heat transfer to the egg is 


(a) 12 kJ (b) 30 kJ (c) 24 kJ (d) 18 kJ (e) infinity 
Answer (b) 30 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.32 "kJ/kg.K" 

m=0.1 "kg" 

T1=5 "C" 

T2=95 "C" 

“Applying energy balance E_in-E_out=dE_system gives" 
E_in=dU_system 

dU_system=m*C*(T2-T1) "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Ein = m*C*T2 "Using T2 only" 
W2_Ein=m*(ENTHALPY(Steam_IAPWS,T=T2,x=1)-ENTHALPY(Steam_IAPWS,T=T2,x=0)) "Using h_fg" 


4-170 An apple with an average mass of 0.18 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 22°C to 5°C. 
The amount of heat transferred from the apple is 


(a) 0.85 kJ (b) 62.1 kJ (c) 17.7 kJ (d) 11.2 kJ (e) 7.1 kJ 
Answer (d) 11.2 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.65 "kJ/kg.K" 

m=0.18 "kg" 

T1=22 "C" 

T2=5 "C" 

"Applying energy balance E_in-E_out=dE_system gives" 
-Q_out = dU_system 

dU_system=m*C*(T2-T1) "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
-W1_Qout =C*(T2-T1) "Not using mass" 
-W2_Qout =m*C*(T2+T1) "adding temperatures" 
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4-171 The specific heat at constant pressure for an ideal gas is given by c, = 0.9+(2.7x10“)T (kJ/kg - K) where T is in 
kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the temperature changes from 27 to 
47°C is most nearly 


(a) 19.7 kJ/kg = (b) 22.0kJ/kg = (c) 25.5kI/kg = (d) 29.7 kJ/kg (e) 32.1 kJ/kg 
Answer (a) 19.7 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=(27+273) [K] 

T2=(47+273) [K] 

"Performing the necessary integration, we obtain" 
DELTAh=0.9*(T2-T1)+2.7E-4/2*(T2^2-T1^2) 


4-172 The specific heat at constant volume for an ideal gas is given by c, = 0.7+(2.7x10“)T (kJ/kg: K) where T is in 
kelvin. The change in the enthalpy for this ideal gas undergoing a process in which the temperature changes from 27 to 
127°C is most nearly 


(a) 70 kJ/kg (b) 72.1 kJ/kg (c)79.5kI/kg  (d) 82.1 kJ/kg (e) 84.0 kJ/kg 
Answer (c) 79.5 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=(27+273) [K] 

T2=(127+273) [K] 

"Performing the necessary integration, we obtain" 
DELTAh=0.7*(T2-T1)+2.7E-4/2*(T2^2-T1^2) 
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4-173 An ideal gas has a gas constant R = 0.3 kJ/kg-K and a constant-volume specific heat c,= 0.7 kJ/kg-K. If the gas has a 
temperature change of 100°C, choose the correct answer for each of the following: 


1. The change in enthalpy is, in kJ/kg 
(a) 30 (b) 70 (c) 100 (d) insufficient information to determine 
Answer (c) 100 


2. The change in internal energy is, in kJ/kg 
(a) 30 (b) 70 (c) 100 (d) insufficient information to determine 
Answer (b) 70 


3. The work done is, in kJ/kg 
(a) 30 (b) 70 (c) 100 (d) insufficient information to determine 


Answer (d) insufficient information to determine 


4. The heat transfer is, in kJ/kg 
(a) 30 (b) 70 (c) 100 (d) insufficient information to determine 


Answer (d) insufficient information to determine 


5. The change in the pressure-volume product is, in kJ/kg 
(a) 30 (b) 70 (c) 100 (d) insufficient information to determine 
Answer (a) 30 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.3 [kJ/kg-K] 
c_v=0.7 [kJ/kg-K] 
DELTAT=100 [K] 


"m" 

c_p=R+c_v 
DELTAh=c_p*DELTAT 
| 1)" 
DELTAu=c_v*DELTAT 
"(vV)" 

PV=R*DELTAT 
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4-174 An ideal gas undergoes a constant temperature (isothermal) process in a closed system. The heat transfer and work 
are, respectively 


(a) 0, =c AT (b) c AT, 0 (c) cpAT, RAT (d) R In(T)/T,), R In(T>/T)) 
Answer (d) R \n(T,/T,), R In(T/T;) 


4-175 An ideal gas under goes a constant volume (isochoric) process in a closed system. The heat transfer and work are, 
respectively 


(a) 0, =c AT (b) c AT, 0 (c) cpAT, RAT (d R \n(T,/T,), R In(T>/T,) 
Answer (b) c AT, 0 


4-176 An ideal gas under goes a constant pressure (isobaric) process in a closed system. The heat transfer and work are, 
respectively 


(a) 0, -c AT (b) c AT, 0 (c) c,AT, RAT (d) R \n(T,/T;), R In(T>/T}) 
Answer (c) c,AT, RAT 


4-177 An ideal gas under goes a constant entropy (isentropic) process in a closed system. The heat transfer and work are, 
respectively 


(a) 0, =c AT (b) c AT, 0 (c) cpAT, RAT (d R \n(T,/T,), R In(T>/T)) 
Answer (a) 0, —c AT 


4-178 ... 4-183 Design and Essay Problems 


4-182 A claim that fruits and vegetables are cooled by 6°C for each percentage point of weight loss as moisture during 
vacuum cooling is to be evaluated. 


Analysis Assuming the fruits and vegetables are cooled from 30°C and 0°C, the average heat of vaporization can be taken to 
be 2466 kJ/kg, which is the value at 15°C, and the specific heat of products can be taken to be 4 kJ/kg.°C. Then the 
vaporization of 0.01 kg water will lower the temperature of 1 kg of produce by 24.66/4 = 6°C. Therefore, the vacuum 
cooled products will lose 1 percent moisture for each 6°C drop in temperature. Thus the claim is reasonable. 


ad 
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5-2 


Conservation of Mass 


5-1C Mass flow rate is the amount of mass flowing through a cross-section per unit time whereas the volume flow rate is 
the amount of volume flowing through a cross-section per unit time. 


5-2C Flow through a control volume is steady when it involves no changes with time at any specified position. 


5-3C The amount of mass or energy entering a control volume does not have to be equal to the amount of mass or energy 
leaving during an unsteady-flow process. 


5-4C No, a flow with the same volume flow rate at the inlet and the exit is not necessarily steady (unless the density is 
constant). To be steady, the mass flow rate through the device must remain constant. 


5-5E A pneumatic accumulator arranged to maintain a constant pressure as air enters or leaves is considered. The amount 
of air added is to be determined. 


Assumptions 1 Air is an ideal gas. 

Properties The gas constant of air is R = 0.3704 psia-ft?/Ibm-R (Table A-1E). 

Analysis At the beginning of the filling, the mass of the air in the container is 
PY | (200 psia)(0.2 ft) 


> = 0.200 Ibm 
RT, (0.3704 psia - ft’ /Ibm- R)(80 + 460 R) 


m; 


During the process both pressure and temperature remain constant while volume increases by 5 times. Thus, 


PV, 
m, =——* = 5m, = 5(0.200) = 1.00 Ibm 
RT, 


The amount of air added to the container is then 


Am =m, —m, =1.00 -0.200 = 0.8 Ibm 
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5-6E Helium at a specified state is compressed to another specified state. The mass flow rate and the inlet area are to be 
determined. 


Assumptions Flow through the compressor is steady. 200 psia 
Properties The gas cosntant of helium is R = 2.6809 psia-ft?/Ibm-R (Table A-1E) He r 


Analysis The mass flow rate is determined from 
Compressor 


n- 4&2 AVP, __ 001 ft? )(100 ft/s)(200 psia) 
v RT, (2.6809 psia - ft?/Ibm - R)(1060 R) 


= 0.07038 Ibm/s 


15 psia 
The inlet area is determined from 70°F 
50 ft/s 
mv, _mRT, _ (0.07038 lbm/s)(2.6809 psia - ft?/Ibm - R)(530 R) 


V, VB (50 ft/s)(15 psia) 


= 0.1333 ft? 


A, = 


5-7 Air is accelerated in a nozzle. The mass flow rate and the exit area of the nozzle are to be determined. 


Assumptions Flow through the nozzle is steady. 
Properties The density of air is given to be 2.21 kg/m’ at the = 
inlet, and 0.762 kg/m? at the exit. V, = 40 m/s AIR 
a 2 
Analysis (a) The mass flow rate of air is determined from the Ahan —_- V2 = 180 m/s 


inlet conditions to be =—_— 


mn = p, AV, = (2.21 kg/m*)(0.009 m”)(40 m/s) = 0.796 kg/s 
(b) There is only one inlet and one exit, and thus m, = m, =m. Then the exit area of the nozzle is determined to be 


om 0.796 kg/s 
PV. (0.762 kg/m°)(180 m/s) 


m= p, AV, > A, = 0.0058 m* = 58 cm? 
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5-8 Water flows through the tubes of a boiler. The velocity and volume flow rate of the water at the inlet are to be 
determined. 


Assumptions Flow through the boiler is steady. 


Properties The specific volumes of water at the inlet and exit are (Tables A-6 and A-7) 


P, =7 MPa ; 
v, = 0.001017 m”/kg 
T, = 65°C 
7 MPa Steam 6 MPa, 450°C 
P, =6MPa r Si i 80 m/s 
v, = 0.05217 m~ /kg 
T, = 450°C 


Analysis The cross-sectional area of the tube is 


Ta zD? _ z(0.13 m)? 


o =0.01327 m’ 
4 4 


The mass flow rate through the tube is same at the inlet and exit. It may be determined from exit data to be 


j = £V2 _ (0.01327 m? )(80 m/s) 
v, 0.05217 m°? /kg 


= 20.35 kg/s 


The water velocity at the inlet is then 


mv, (20.35 kg/s)(0.001017 m?/kg) 


A. 0.01327 m" ee: 


V= 


The volumetric flow rate at the inlet is 


V, = A.V, = (0.01327 m? )(1.560 m/s) = 0.0207 mĉ/s 


5-9 Air is expanded and is accelerated as it is heated by a hair dryer of constant diameter. The percent increase in the 
velocity of air as it flows through the drier is to be determined. 


Assumptions Flow through the nozzle is steady. 


Properties The density of air is given to be 1.20 kg/m’ at < 
the inlet, and 1.05 kg/m’ at the exit. Vo Vi 


Analysis There is only one inlet and one exit, and thus 
m, =m, =m. Then, 
m, =m 
PAV, = 22 AV, 
V, pı _ 1.20kg/m? 
Vi P 0.95kg/m> 


=1.263 (or, and increase of 26.3%) 


Therefore, the air velocity increases 26.3% as it flows through the hair drier. 
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5-10 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line, and air is allowed 
to enter the tank until the density rises to a specified level. The mass of air that entered the tank is to be determined. 


Properties The density of air is given to be 1.18 kg/m’ at the beginning, and 
7.20 kg/m’ at the end. 


Analysis We take the tank as the system, which is a control volume since mass 


—> 
crosses the boundary. The mass balance for this system can be expressed as -RE 
Mass balance: 


=m, -Mm = P,V- pV Y=1m 
pı =1.18 kg/m? 


m > Mi 


= Mou = Am i 


in system 


Substituting, 
m; = (Py — p, W =[(7.20-1.18) kg/m? ](1 m°) = 6.02kg 


Therefore, 6.02 kg of mass entered the tank. 


5-11 A cyclone separator is used to remove fine solid particles that are suspended in a gas stream. The mass flow rates at 
the two outlets and the amount of fly ash collected per year are to be determined. 


Assumptions Flow through the separator is steady. 


Analysis Since the ash particles cannot be converted into the gas and vice-versa, the mass flow rate of ash into the control 
volume must equal that going out, and the mass flow rate of flue gas into the control volume must equal that going out. 
Hence, the mass flow rate of ash leaving is 


Mash = Yash Min = (0.001)(10 kg/s) = 0.01 kg/s 
The mass flow rate of flue gas leaving the separator is then 


Mine gas = Min i Mash = 10- 0.01 = 9.99 kg/s 


The amount of fly ash collected per year is 


Mach, = Tp At = (0.01 kg/s)(365 x 24 x 3600 s/year) = 315,400 kglyear 
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5-12 Air flows through an aircraft engine. The volume flow rate at the inlet and the mass flow rate at the exit are to be 
determined. 


Assumptions 1 Air is an ideal gas. 2 The flow is steady. 
Properties The gas constant of air is R = 0.287 kPa-m*/kg-K (Table A-1). 
Analysis The inlet volume flow rate is 
V, = AV, = (1m? )(180 m/s) = 180 m3 /s 
The specific volume at the inlet is 


RT, _ (0.287 kPa-m*/kg-K)(20+273 K) 
P, 100 kPa 


v= = 0.8409 m?/kg 


Since the flow is steady, the mass flow rate remains constant during the flow. Then, 


V 3 
PERAR eae = 214.1kg/s 
vı 0.8409 m°/kg 


5-13 A spherical hot-air balloon is considered. The time it takes to inflate the balloon is to be determined. 
Assumptions 1 Air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kPa-m*/kg-K (Table A-1). 


Analysis The specific volume of air entering the balloon is 


3 
ye RT _ (0.287 kPa-m~/kg-K)(20+ 273 K) _ 0.7008 Hke 
P 120 kPa 
The mass flow rate at this entrance is 
2 2 
a- A&V =P V  za(l.0m) 3 m/s -=3.362kg/s 


v 4 v 4 0.7008 m°?/kg 
The initial mass of the air in the balloon is 


3 3 
v 6v — 6(0.7008 m°/kg) 


Similarly, the final mass of air in the balloon is 


V; aD m5m’ 
v 6v  6(0.7008m°/kg) 


mp = = 2522 kg 


The time it takes to inflate the balloon is determined from 


mM, -m;i = 
my “ihe (2522 — 93.39) kg 27225- 
m 3.362 kg/s 


At 12.0 min 
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5-14 A water pump increases water pressure. The diameters of the inlet and exit openings are given. The velocity of the 
water at the inlet and outlet are to be determined. 


Assumptions 1 Flow through the pump is steady. 2 The specific volume remains constant. 


Properties The inlet state of water is compressed liquid. We approximate it as a saturated liquid at the given temperature. 
Then, at 15°C and 40°C, we have (Table A-4) 


T =15°C 
E | vı =0.001001 m?/kg 
a 700 kPa 
T =40°C ; Ra 
v, = 0.001008 m°/kg Water 
LRN < 70kPa 
Analysis The velocity of the water at the inlet is 15°C 
; : 3 
v= my _ 4my, = 4(0.5 kg/s)(0.001001 m°/kg) -6.37 mis 


A aD; (0.01 m)? 


Since the mass flow rate and the specific volume remains constant, the velocity at the pump exit is 


2 2 
payee = (637 ms} oom) = 2.83 mls 
Ap, 0.015m 


Using the specific volume at 40°C, the water velocity at the inlet becomes 


mv, 4mv, _ 4(0.5kg/s)(0.001008 m*/kg) 
A aD? z(0.01m)? 


V= = 6.42 mis 


which is a 0.8% increase in velocity. 
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5-15 Refrigerant-134a flows through a pipe. Heat is supplied to R-134a. The volume flow rates of air at the inlet and exit, 
the mass flow rate, and the velocity at the exit are to be determined. 


Properties The specific volumes of R-134a at the inlet and exit are (Table A-13) 


P, = 200 kPa 3 P, =180kPa 3 
v; = 0.1142 m°/kg v, = 0.1374 m” /kg 
Ti = 20°C T, =40°C 
Analysis 
Q 
R-134a — 
200 kPa 180 kPa 
20°C i 40°C 
5 m/s 


(a) (b) The volume flow rate at the inlet and the mass flow rate are 


2 2 
Ù = AV = = V, = = m) (5 m/s) = 0.3079 m°/s 
aD? 1 


2 
7(0.28m)" (5 m/s) = 2.696 kgs 
vi 4 i 


0.1142 m/kg 4 


2 Pd 
m=—AV, = 

vi 
(c) Noting that mass flow rate is constant, the volume flow rate and the velocity at the exit of the pipe are determined from 


V, = mv, = (2.696 kg/s)(0.1374 m°?/kg) = 0.3705 mĉ/s 


y 3 
V, = a E - = 6.02 mis 
A. 2(0.28m) 


4 


5-16 A smoking lounge that can accommodate 15 smokers is considered. The required minimum flow rate of air that needs 
to be supplied to the lounge and the diameter of the duct are to be determined. 


Assumptions Infiltration of air into the smoking lounge is negligible. 
Properties The minimum fresh air requirements for a smoking lounge is given to be 30 L/s per person. 


Analysis The required minimum flow rate of air that needs to be supplied to the lounge is determined directly from 


Viir = Vair perpasii (No. of persons) 


= (30 L/s - person) (15 persons) = 450 L/s = 0.45 m?/s 


The volume flow rate of fresh air can be expressed as Smoking 
. 2 Lounge 
V =VA=V(aD" /4) 
Solving for the diameter D and substituting, 15 smokers 
3 
4(0.45 m/s) _ 0.268 m 
m(8 m/s) 


Therefore, the diameter of the fresh air duct should be at least 26.8 cm if the velocity of air is not to exceed 8 m/s. 
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5-17 The minimum fresh air requirements of a residential building is specified to be 0.35 air changes per hour. The size of 
the fan that needs to be installed and the diameter of the duct are to be determined. 


Analysis The volume of the building and the required minimum volume flow rate of fresh air are 


Voom = (3.0m)(200 m?) = 600 m° 


V = Voom X ACH = (600 m?)(0.35/h) = 210 m? /h = 210,000 L/h = 3500 L/min 
The volume flow rate of fresh air can be expressed as 
V =VA =V (D° 14) House 
0.35 ACH 200 m? 


Solving for the diameter D and substituting, 


7 3 
pe J40 _ 4(210/3600 m*/s) -0.136 m 
mV (4 m/s) 


Therefore, the diameter of the fresh air duct should be at least 13.6 cm if the velocity of air is not to exceed 4 m/s. 
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Flow Work and Energy Transfer by Mass 


5-18C Energy can be transferred to or from a control volume as heat, various forms of work, and by mass. 


5-19C Flow energy or flow work is the energy needed to push a fluid into or out of a control volume. Fluids at rest do not 
possess any flow energy. 


5-20C Flowing fluids possess flow energy in addition to the forms of energy a fluid at rest possesses. The total energy of a 
fluid at rest consists of internal, kinetic, and potential energies. The total energy of a flowing fluid consists of internal, 
kinetic, potential, and flow energies. 


5-21E A water pump increases water pressure. The flow work required by the pump is to be determined. 


Assumptions 1 Flow through the pump is steady. 2 The state of water at the pump inlet is saturated liquid. 3 The specific 
volume remains constant. 


Properties The specific volume of saturated liquid water at 10 psia is 


V =V@iopsia = 0.01659 ft*/Ibm (Table A-5E) 
50 psia — 
Then the flow work relation gives 
Water 
10 psia 


Whow = P¥2 = Piv; = ¥(P, —P,) 
3 ‘ tu 
= (0.01659 ft- /Ibm)(50—10)psia = L e 
5.404 psia - ft 
= 0.1228 Btullbm 


5-22 An air compressor compresses air. The flow work required by the compressor is to be determined. 


Assumptions 1 Flow through the compressor is steady. 2 Air 
is an ideal gas. 1 MPa 
400°C 


Properties The gas constant of air is R = 0.287 kPa-m’/kg-K 


(Table A-1). 
Compressor 
Analysis Combining the flow work expression with the ideal 


gas equation of state gives 


Wrow = P)¥. -Pivi a 
= RO, -T)) 
= (0.287 kJ/kg - K)(400 —20)K 
= 109 kJIkg 
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5-11 


5-23E Steam is leaving a pressure cooker at a specified pressure. The velocity, flow rate, the total and flow energies, and 
the rate of energy transfer by mass are to be determined. 


Assumptions 1 The flow is steady, and the initial start-up period is disregarded. 2 The kinetic and potential energies are 
negligible, and thus they are not considered. 3 Saturation conditions exist within the cooker at all times so that steam leaves 
the cooker as a saturated vapor at 20 psia. 


Properties The properties of saturated liquid water and water vapor at 20 psia are y= 0.01683 ft*/lbm, Vv, = 20.093 ft’/lbm, 
ug = 1081.8 Btu/lbm, and h, = 1156.2 Btu/lbm (Table A-5E). 


Analysis (a) Saturation conditions exist in a pressure cooker at all times after the steady operating conditions are 
established. Therefore, the liquid has the properties of saturated liquid and the exiting steam has the properties of saturated 
vapor at the operating pressure. The amount of liquid that has evaporated, the mass flow rate of the exiting steam, and the 
exit velocity are 


AV... 3 
ie liquid _ 0.6 gal 0.13368 ft =4.766 Ibm 
Ve 0.01683 ft°/Ibm| I gal 
ae n ts = 0.1059 lbm/min = 1.765 x 10° Ibm/s 
At 45 min 
; mv 3 3 9 
Vv m g (1.76510 = /Ibm) Saca -34.1 ft/s 
Pgh A, 0.15in 1ft 


(b) Noting that h = u + Pvand that the kinetic and potential energies are disregarded, the flow and total energies of the 
exiting steam are 


Chow = Pu =h—u=1156.2 -1081.8 = 74.4 Btu/Ibm 
O0=h+ke+ pe=h=1156.2 Btu/lbm 


Note that the kinetic energy in this case is ke = V’/2 = (34.1 ft/s)” /2 = 581 ft/s? = 0.0232 Btu/Ibm, which is very small 
compared to enthalpy. 


(c) The rate at which energy is leaving the cooker by mass is simply the product of the mass flow rate and the total energy 
of the exiting steam per unit mass, 


È nass = 110 = (1.765 x107 Ibm/s)(1156.2 Btu/Ibm) = 2.04 Btu/s 


Discussion The numerical value of the energy leaving the cooker with steam alone does not mean much since this value 
depends on the reference point selected for enthalpy (it could even be negative). The significant quantity is the difference 
between the enthalpies of the exiting vapor and the liquid inside (which is hg) since it relates directly to the amount of 
energy supplied to the cooker. 
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5-12 


5-24 Air flows steadily in a pipe at a specified state. The diameter of the pipe, the rate of flow energy, and the rate of 
energy transport by mass are to be determined. Also, the error involved in the determination of energy transport by mass is 
to be determined. 


Properties The properties of air are R = 0.287 kJ/kg.K 
and c, = 1.008 kJ/kg.K (at 350 K from Table A-2b) 300 kPa Air 25 m/s 


Analysis (a) The diameter is determined as follows ae 18 kg/min 


2 kg.K 273K 
a RT _ (0.287 kJ/kg.K)(77 + 273 K) = 0.3349 m3/kg 
P (300 kPa) 
l 3 
panka (18/60 kg/s)(0.3349 m` /kg) _ 0.004018 m2 


25 m/s 


V 
| 2 
D= [4A _ {4(0.004018m°* ) -0.0715m 
m 1 


(b) The rate of flow energy is determined from 


Waow = mPv = (18/60 kg/s)(300kPa)(0.3349 m*/kg) = 30.14 kW 


(c) The rate of energy transport by mass is 


mass. 


. ; ; l2 
E = m(h + ke) = m| c, T +—V 
(hke) =r cpr +2?) 


1 of 1kJ/kg ) 
= (18/60 kg/s)| (1.008 kJ/kg.K)(77 + 273 K) + —(25 m/s) | ———>— 
( g I g.K)( ) 5 (ee | 


= 105.94 kW 


(d) If we neglect kinetic energy in the calculation of energy transport by mass 


E mass = Mh = rhe „T = (18/60 kg/s)(1.005 kJ/kg.K)(77 +273 K) = 105.84 kW 


mass 


Therefore, the error involved if neglect the kinetic energy is only 0.09%. 
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5-13 
Steady Flow Energy Balance: Nozzles and Diffusers 


5-25C No. 


5-26C It is mostly converted to internal energy as shown by a rise in the fluid temperature. 


5-27C The kinetic energy of a fluid increases at the expense of the internal energy as evidenced by a decrease in the fluid 
temperature. 


5-28C Heat transfer to the fluid as it flows through a nozzle is desirable since it will probably increase the kinetic energy of 
the fluid. Heat transfer from the fluid will decrease the exit velocity. 
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5-14 
5-29 Air is decelerated in a diffuser from 230 m/s to 30 m/s. The exit temperature of air and the exit area of the diffuser are 
to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 


Properties The gas constant of air is 0.287 kPa.m*/kg.K (Table A-1). The enthalpy of air at the inlet temperature of 400 K 
is hı = 400.98 kJ/kg (Table A-17). 
Analysis (a) There is only one inlet and one exit, and thus m, = m, = m . We take diffuser as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


En = Eout = AE ye” (steady) =0 
Rate of net energy transfer Rate of change in internal, kinetic, —_ 
by heat, work, and mass potential, etc. energies 

En = Eout i a i 
ra(h, +V? /2)=m(h, +V3/2) (sinceQ = W = Ape = 0) Ă 
v? -Vvř , 
0= h, = hy a N 
or, 
Vy -vř 30 m/s}? - (230 m/s}? f 1 kJ/k 
h, = h, -——— = 400.98 kJ/kg — G0 m/s)" - (230 m/s)" —— E — | = 426.98 KJ/kg 
2 1000 m“/s 


From Table A-17, 
T, = 425.6 K 


(b) The specific volume of air at the diffuser exit is 


RT, _ (0.287 kPa-m*/kg-K 425.6 K) 


v, = =1.221 m?/k 
can (100 kPa) z 
From conservation of mass, 
s 3 
ha 1 AV, T mV, (6000/3600 kg/s)(1.221 m°/kg) _ 0.0678 m? 
v, Vy 30 m/s 
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5-15 


5-30 Air is accelerated in a nozzle from 45 m/s to 180 m/s. The mass flow rate, the exit temperature, and the exit area of the 
nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). 


The specific heat of air at the anticipated average temperature of 450 P, =300 kPa 
K is c, = 1.02 kJ/kg.°C (Table A-2). T, = 200°C AIR P = 100 kPa 
= —> = 
Analysis (a) There is only one inlet and one exit, and thus A a 2 PERU 
iG cm 


m, =m, =m. Using the ideal gas relation, the specific volume and 
the mass flow rate of air are determined to be 


RT, _ (0.287 kPa: m*/kg- K)(473 K) 


= 0.4525 m7/kg 
P, 300 kPa 


Y= 


SERRE 1 
m= A V, 


= — (0.0110 m*)(45 m/s) = 1.094 kg/s 
vi 0.4525 m°/kg 


(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


: z = : 70 (steady) = 
Ein w Eou = AE system =0 
~~ \ a 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


m(h, +V? /2) =m(h, +VŽ/2) (sinceQ = W = Ape = 0) 
v? -V° 
2 


0=h, -h + 


Substituting, 


o= 02 kJ/kg -K)(T, — 200°C) + 180 m/s)" -45 =t et 


2 1000 m?/s? 
It yields 
T» = 185.2°C 
(c) The specific volume of air at the nozzle exit is 


3 
v, -Rh (0.287 kPa -m/kg- K)(185.2 +273 K) 1 315 m3/kg 
P, 100 kPa 


EEE E kes — 


———— A, (180 m/s) > A = 0.00799 m? = 79.9 cm? 
v, 1.315 m/kg 
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5-16 


EES 
5-31 Problem 5-30 is reconsidered. The effect of the inlet area on the mass flow rate, exit velocity, and the exit area 
as the inlet area varies from 50 cm’ to 150 cm? is to be investigated, and the final results are to be plotted against the inlet 
area. 


Analysis The problem is solved using EES, and the solution is given below. 


Function HCal(WorkFluid$, Tx, Px) 
"Function to calculate the enthalpy of an ideal gas or real gas" 
If 'Air' = WorkFluid$ then 
HCal:=ENTHALPY (Air, T=Tx) "Ideal gas equ." 
else 
HCal:=ENTHALPY (WorkFluid$,T=Tx, P=Px)"Real gas equ." 
endif 
end HCal 


"System: control volume for the nozzle" 
"Property relation: Air is an ideal gas" 
"Process: Steady state, steady flow, adiabatic, no work" 
"Knowns - obtain from the input diagram" 
WorkFluid$ = ‘Air’ 

T[1] = 200 [C] 

P[1] = 300 [kPa] 

Vel[1] = 45 [m/s] 

P[2] = 100 [kPa] 

Vel[2] = 180 [m/s] 

A[1]=110 [cm*2] 
Am[1]=A[1]*convert(cm*2,m*2) 


"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1]=HCal(WorkFluid$, T[1],P[1]) 

h[2]=HCal(WorkFluid$, T[2],P[2]) 


"The Volume function has the same form for an ideal gas as for a real fluid." 
v[1]=volume(workFluid$, T=T[1],p=P[1]) 
v[2]=volume(WorkFluid$, T=T[2],p=P[2]) 


"Conservation of mass: " 
m_dot[1]= m_dot[2] 

"Mass flow rate" 
m_dot[1]=Am[1]*Vel[1]/v[1] 
m_dot[2]= Am[2]*Vel[2]/v[2] 


"Conservation of Energy - SSSF energy balance" 
h[1]+Vel[1]*2/(2* 1000) = h[2]+Vel[2]*2/(2* 1000) 


"Definition" 
A_ratio=A[1]/A[2] 
A[2]=Am[2]*convert(m*2,cm*2) 
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Ay, A2, mı To 
[cm] [cm] [kg/s] [C] 
50 36.32 0.497 185.2 
60 43.59 0.5964 185.2 
70 50.85 0.6958 185.2 
80 58.12 0.7952 185.2 
90 65.38 0.8946 185.2 
100 72.65 0.9941 185.2 
110 79.91 1.093 185.2 
120 87.18 1.193 185.2 
130 94.44 1.292 185.2 
140 101.7 1.392 185.2 
150 109 1.491 185.2 


A[2] [cm] 


m[1] [kg/s] 


90 


110 


AI] [cm?] 


130 
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5-32E Air is accelerated in an adiabatic nozzle. The velocity at the exit is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The nozzle is adiabatic. 


Properties The specific heat of air at the average temperature of (700+645)/2=672.5°F is c, = 0.253 Btu/Ibm-R (Table A- 
2Eb). 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 


as 
Èn 2, È ou _ AE AO (steady) =0 


RA SS 
Rate of net energy transfer Rate of change in internal, kinetic. 


by heat, work, and mass potential, etc. energies , r B a 
à 3 300 psia 250 psia 


in Z E out 700°F AIR > 645°F 


80 ft 
rin(h, +V2 / 2) = (h, +V2/2) Yee 


h, +V? /2=h, +V7/2 


system 


Solving for exit velocity, 
0.5 0.5 
V2 =|; +2(h, -h,)| =v? +2c,(T, 275) 


0.5 
25,037 ft2/s? ) 


=| (80 ft/s)? + 2(0.253 Btu/Ibm- R)(700 — 645)R 
1 Btu/lbm 


= 838.6 ft/s 


5-33 Air is decelerated in an adiabatic diffuser. The velocity at the exit is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The diffuser is adiabatic. 


Properties The specific heat of air at the average temperature of (20+90)/2=55°C =328 K is cp = 1.007 kJ/kg-K (Table A- 
2b). 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take diffuser as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


: à = AO (steady) _ 

Ein Fg E out = AE system =0 

ER SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

: : 100 kPa 
Én = Eout a AIR 200 kPa 
20°C 
—- 


90°C 
500 m/ 
(h, +V? /2)=m(h, +V3/2) 7 —— 


hı +V? /2=h, +V3/2 


Solving for exit velocity, 


V= v? +2(h; — hy f° = v? +2c,(T, -T Ji 


$ 
y 2 
-| (500 m/s)? +2(1.007 ki/kg-K)(20—90)K| 100025 
1 kJ/kg 


= 330.2 m/s 
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5-19 


5-34 Heat is lost from the steam flowing in a nozzle. The velocity and the volume flow rate at the nozzle exit are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no 
change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 400°C STEAM 300°C 


Analysis We take the steam as the system, which is a control 800 kPa = —————> 200 kPa 
volume since mass crosses the boundary. The energy balance 10 m/s 
for this steady-flow system can be expressed in the rate form as Q 
Energy balance: 
r $ = ` 70 (steady) < 
Ein F Eout = AE system =0 
— SF 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = EE oat 


y? v2 : : 
m i: =m hy + +Qout since W = Ape = 0) 


vV? Q 
=h, + 2 , Qout 


or h; + 3 
2 2 m 


The properties of steam at the inlet and exit are (Table A-6) 


P, = 800 kPa |v, = 0.38429 m°/kg 
T, =400°C |h, =3267.7 kJ/kg 


P, = 200 kPa | v, =1.31623 m*/kg 
T, =300°C |h, =3072.1 kJ/kg 


The mass flow rate of the steam is 


oy oll 1 5 
m= Vi = 0.08 m~)(10 m/s) = 2.082 kg/s 
v AM = 38429m. ; 
Substituting, 
2 2 
3267.7 ki/kg + 09 í ss = |= 3072.1 + í LE z)+ PMS 
2 1000 m*/s 2 \1000 m*/s 2.082 kg/s 


— V, =606 m/s 
The volume flow rate at the exit of the nozzle is 


V, = mv, = (2.082 kg/s)(1.31623 m*/kg) = 2.74 m3/s 
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5-20 


5-35 D Steam is accelerated in a nozzle from a velocity of 40 m/s to 300 m/s. The exit temperature and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Table A-6), 
P, =3 MPa | v, = 0.09938 m°/kg 
T, =400°C | h, =3231.7 kJ/kg 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


- - = y 70 (steady) _ 
Ein ‘a Fut = AE costes =0 
Rate of net transf 
ate of net energy transfer Rate of change in internal, kinetic, = = 
by heat, work, and mass Boteni, etc. energies P 3 ei Steam P = 2.5 MPa 
i T;= 400°C ——> _ V, = 300 m/s 


ins = Eee V, = 40 _— 


ra(h, +V? /2) = m(h, +V3/2) (since Q = W = Ape = 0) 
272 
gh, EE 


or, 


vy; (300 m/s)? —(40 m/s)? 1 kJ/kg 


—”] 
= 3231.7 kJ/kg - =3187.5 kJ/kg 
2 2 1000 aa 


Thus, 
P, = 2.5 MPa T, = 376.6°C 
h, = 3187.5 kJ/kg | v, = 0.11533 m*/kg 


(b) The ratio of the inlet to exit area is determined from the conservation of mass relation, 


A V, (0.09938 m3/kg)(300 m/ 
Dis a ay = OO OD) i645 
v vi A, v V,; (0.11533 m°/kg)(40 m/s) 
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5-21 
5-36E Air is decelerated in a diffuser from 600 ft/s to a low velocity. The exit temperature and the exit velocity of air are to 


be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 


Properties The enthalpy of air at the inlet temperature of 50°F is h, = 121.88 Btu/Ibm (Table A-17E). 
Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. We take diffuser as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


- ` = ~ 70 (steady) = 
Ein x, Eout = AE system =0 
— —— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
~ 7p 1 AIR 2 
Ein = Eont —_> 
; 2 i 2 : 5 
m(h, +V; /2)=m(h, +V% /2) (since Q = W = Ape = 0) ee, 
2 2 
V; -V ? 
0=h, -h, + a= 


or, 


Vv; -V 


2 
- 121.88 Bw/tbm — 2 {600 fs) 1 Btu/Ibm 


3 A | =129.07 Btu/lbm 
037 ft?/s 


From Table A-17E, 
T =540 R 


(b) The exit velocity of air is determined from the conservation of mass relation, 


1 1 1 
v vi RT, / P, RT, / P, 
Thus, 
A,T,P, 40 R)d i 
v, _ Ath V, D 1 (5 0 X 3 Ra (600 ft/s) = 142 ft/s 
A,T,P, 4 (510 R)(14.5 psia) 
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5-22 
5-37 CO) gas is accelerated in a nozzle to 450 m/s. The inlet velocity and the exit temperature are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 CO, is an ideal gas with variable specific 
heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 There are 
no work interactions. 

Properties The gas constant and molar mass of CO} are 0.1889 kPa.m*/kg.K and 44 kg/kmol (Table A-1). The enthalpy of 
CO), at 500°C is h, = 30,797 kJ/kmol (Table A-20). 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. Using the ideal gas relation, the specific volume is 


determined to be 


3 
.mĉ/kg: K 
„RDL (0.1889 kPa -m?/kg-K (773 E 


P, 1000 kPa 1 CO; 5 
-y 
Thus, A 
: 3 
n= ay yy, = MX (6000/3600 ke/s}0.146 mi/kg) _ dani 
v A 40x10 m 


(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


$ : Z : 70 (steady) 
Ein ~ Fut = AE;ystem =0 
Aaa \ ee) 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
È =È 


m(h, +V? /2)=m(h, +V3/2) (sinceQ = W = Ape = 0) 


V, =v, 
0= h, = h; re 
Substituting, 
Sey V-V? 
h, =h,-——_M 
2 
4 > _ (60. *f  1kJ/k 
= 30,797 kJ/kmol SL es CU, 4 E — |(44 kg/kmol) 
2 1000 m^/s 
= 26,423 kJ/kmol 


Then the exit temperature of CO, from Table A-20 is obtained tobe T, = 685.8 K 
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5-23 


5-38 R-134a is accelerated in a nozzle from a velocity of 20 m/s. The exit velocity of the refrigerant and the ratio of the 
inlet-to-exit area of the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the refrigerant tables (Table A-13) 
P, = 700 kPa | v, = 0.043358 m*/kg 
T, =120°C h, = 358.90 kJ/kg ———, 
P, = 400 kPa |e = 0.056796 m*/kg —_— 


T, =30°C h, =275.07 kJ/kg 


and 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


à : _ Å 70 (steady) z 
Ein n E out = AE ster =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eut 


ri(h, +V? /2) = m(h, + V3/2) (since Q = W = Ape = 0) 
2472 
O= hy — hye 


Substituting, 


2 2 
0 = (275.07 -358.90)k/kg + 22 20 ms) l 1 kJ/kg | 


2 1000 m?/s? 
It yields 
V2 = 409.9 m/s 
(b) The ratio of the inlet to exit area is determined from the conservation of mass relation, 


1 1 A, _ vi V> _ (0.043358 m3/kg\409.9 m/s) 
vi A, v, Vi (0.056796 m°/kg\20 m/s) 


=15.65 
V5 
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5-24 
5-39 Nitrogen is decelerated in a diffuser from 275 m/s to a lower velocity. The exit velocity of nitrogen and the ratio of the 


inlet-to-exit area are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with variable 
specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus heat transfer is negligible. 5 
There are no work interactions. 


Properties The molar mass of nitrogen is M = 28 kg/kmol (Table A-1). The enthalpies are (Table A-18) 
T, =7°C=280K — h, =8141kJ/kmol 


T, =27°C=300K — h, =8723kJ/kmol 


Analysis (a) There is only one inlet and one exit, and thus m, = m, = m . We take diffuser as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


: : 2 : 70 (steady) =, 
Ein x, Eout = AE system =0 
— r aa Oe 
Rate of net energy transfer Rate of change in internal, kinetic, —_ 
by heat, work, and mass potential, etc. energies 


—~ 
ra(h, +V? /2) =m(h, +V>/2) (since Q = W = Ape = 0) “ee, 


Teal 2 2 
Vy -V° = h, -h RA =V” 
2 M 2 


0=h, -h + 


Substituting, 


_ (8723 -8141)KJ/kmol į V3 -= (275 m/s)” l 1 kJ/kg | 


28 kg/kmol 2 1000 m°/s? 
It yields 
V2 = 185 m/s 
(b) The ratio of the inlet to exit area is determined from the conservation of mass relation, 
A V. RT, / P, \V. 
AE Ta DE i/ fi |¥2 
V> v A v, V RT, / P, ) V, 
or, 
= = 0.887 


A, _(T,/P, \V, _ (280 K/60 kPa)(185 m/s) 
A, \T,/P,)V, (300 K/85 kPa\200 m/s) 
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5-25 


> 
5-40 Problem 5-39 is reconsidered. The effect of the inlet velocity on the exit velocity and the ratio of the inlet-to- 
exit area as the inlet velocity varies from 210 m/s to 350 m/s is to be investigated. The final results are to be plotted against 
the inlet velocity. 


Analysis The problem is solved using EES, and the solution is given below. 


Function HCal(WorkFluid$, Tx, Px) 
"Function to calculate the enthalpy of an ideal gas or real gas" 
If 'N2'=WorkFluid$ then 
HCal:=ENTHALPY (WorkFluid$, T=Tx) "Ideal gas equ." 
else 
HCal:=ENTHALPY(WorkFluid$,T=Tx, P=Px)"Real gas equ." 
endif 
end HCal 


"System: control volume for the nozzle" 
"Property relation: Nitrogen is an ideal gas" 
"Process: Steady state, steady flow, adiabatic, no work" 


"Knowns" 
WorkFluid$ = 'N2' 
T[1] = 7 [C] 
P[1]=60 [kPa] 
‘Vel[1] = 275 [m/s]” 
P[2] = 85 [kPa] 
T[2] = 27 [C] 


"Property Data - since the Enthalpy function has different parameters 
for ideal gas and real fluids, a function was used to determine h." 
h[1]=HCal(WorkFluid$, T[1],P[1]) 

h[2]=HCal(WorkFluid$, T[2],P[2]) 


"The Volume function has the same form for an ideal gas as for a real fluid." 
v[1]=volume(workFluid$, T=T[1],p=P[1]) 
v[2]=volume(WorkFluid$, T=T[2],p=P[2]) 


"From the definition of mass flow rate, m_dot = A*Vel/v and conservation of mass the area ratio A_Ratio = 
A_1/A_2is:" 

A_Ratio*Vel[1]/v[1] =Vel[2]/v[2] 

"Conservation of Energy - SSSF energy balance" 

h[1]+Vel[1]*2/(2* 1000) = h[2]+Vel[2]*2/(2* 1000) 
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5-26 


5-27 


5-41 R-134a is decelerated in a diffuser from a velocity of 120 m/s. The exit velocity of R-134a and the mass flow rate of 
the R-134a are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 


Properties From the R-134a tables (Tables A-11 through A-13) 


P, = 800 kPa i = 0.025621 m7/kg 2 kI/s 


sat.vapor h; = 267.29 kJ/kg 


— > 
and eee 
P, = 900 kPa | v, = 0.023375 m*/kg 
T, =40°C hy = 274.17 kJ/kg 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. Then the exit velocity of R-134a is determined 
from the steady-flow mass balance to be 
1 1 _% A y _ 1 (0.023375 m?/kg) 


AV Ay SV 
ean ake ? v Ay | 1.8 (0.025621 m3/kg) 


(120 m/s) = 60.8 m/s 


(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


system 


Én = Ey = AE 70 (steady) =0 
— 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin +m(h, +V? /2) = m(h, +V2/2) (since W = Ape = 0) 
2 72 
Qin = ah —h, a 


Substituting, the mass flow rate of the refrigerant is determined to be 


(60.8 m/s}? - (120 ast] 1 kJ/kg } 


2 KJ/s = ml (274.17 — 267.29)kI/kg + 
( ce 2 1000 m/s” 


It yields 
m = 1.308 kg/s 
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5-28 


5-42 Steam is accelerated in a nozzle from a velocity of 60 m/s. The mass flow rate, the exit velocity, and the exit area of 
the nozzle are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 


Properties From the steam tables (Table A-6) 


; 75 kI/s 
P, =4 MPa | v; = 0.07343 m”/kg Aa 
T; =400°C | h, =3214.5 kJ/kg 1 Steam P 


and e= 


P, = 2 MPa |v, = 0.12551 m*/kg 
T, =300°C | h, =3024.2 kJ/kg 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. The mass flow rate of steam is 


m= IvA = —> o m/s)(50 x 1074 m”) = 4.085 kg/s 
vi 0.07343 m”/kg 
(b) We take nozzle as the system, which is a control volume since mass crosses the boundary. The energy balance for this 


steady-flow system can be expressed in the rate form as 


$ $ s X 70 (steady) _ 
Ein P E out m AE stein =0 
Ss —————————— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein z Eut 


+m(h, +V3/2) (since W = Ape = 0) 
Vy =y ) 


m(h, +V? /2)=Q 


out 
-Qon = alt =h; + 
Substituting, the exit velocity of the steam is determined to be 


v2 - (60 mr 1 kJ/kg } 


-75 kI/s = (4.085 kg/s} 3024.2 — 3214.5 + = 
2 1000 m*/s 


It yields 
V = 589.5 m/s 


(c) The exit area of the nozzle is determined from 


j 4.085 kg/s 0.12551 m/k 
N EN EL _ (4.085 a/s)(0 551m°*/ g) 
V> V, 589.5 m/s 


=8.70x 104m? 
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5-29 
Turbines and Compressors 


5-43C Yes. 


5-44C The volume flow rate at the compressor inlet will be greater than that at the compressor exit. 


5-45C Yes. Because energy (in the form of shaft work) is being added to the air. 


5-46C No. 


5-47 R-134a at a given state is compressed to a specified state. The mass flow rate and the power input are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 


E. = E i = AE i 0 (steady) =0 
in oul system 
Rate of net energy transfer Rate of change in internal, kinetic, 800 kPa 
by heat, work, and mass potential, etc. energies 60°C 
Ein = E 
W,, +mh,=rmh, (since Ake = Ape = 0) Compressor 
Win =rù(h, — hy) 
From R134a tables (Tables A-11, A-12, A-13) Ee 
P, =100 kPa | h; = 236.33 kJ/kg 1.35 m’/min 
T, =-24°C | v, =0.1947 m° /kg 
P, =800 kPa 
h, = 296.81 kJ/kg 
T, = 60°C 


The mass flow rate is 


V, (1.35/60) m3/s 
vı 0.1947 m3/kg 


= 0.1155 kg/s 


Substituting, 


W,, =m(h, — hy) = (0.1155 kg/s)(296.81 — 236.33) kJ/kg = 6.99 kW 
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5-30 


5-48 Saturated R-134a vapor is compressed to a specified state. The power input is given. The exit temperature is to be 


determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 


negligible. 3 Heat transfer with the surroundings is negligible. 


Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 


rate form as 


. : #0 (steady) _ 
Ein B E out T AE system =0 
Sa, a e, 

Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Éin = Eou 
Wi, +mh,=mh, (since Ake = Ape = 0) 
Win =m(h, — hy) 


From R134a tables (Table A-12) 


P, =180 = h, = 242.86 kJ/kg 


x =0 v; = 0.1104 m3/kg 
The mass flow rate is 


_V, _ (0.35/60) m°/s 
vı 0.1104 m3/kg 


= 0.05283 kg/s 


Substituting for the exit enthalpy, 
Win =m(h, — hy) 


t 


2.35 kW = (0.05283 kg/s)(h, — 242.86)kJ/kg —> h, = 287.34 kJ/kg 


From Table A-13, 


P, = 700 kPa 


T, =48.8°C 
h, = 287.34 kJ/kg 


Compressor 


700 kPa 


180 kPa 


sat. vap. 
0.35 m°/min 
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5-49 Steam expands in a turbine. The change in kinetic energy, the power output, and the turbine inlet area are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) P, =6 MPa 
Tı = 400°C 
P, =6 MPa | v, = 0.047420 m3/kg V, =80 m/s 
T, =400°C | h, =3178.3 kJ/kg 
and 
P, = 40 kPa 
hy =hy + Xghg =317.62 + 0.92 x 2392.1 = 2318.5 kJ/kg 
X, = 0.92 


Analysis (a) The change in kinetic energy is determined from 


272 2 2 
Ake = Y2 -VE _ (50 m/s)” - (80 m/s)? {_ 1 kI/ ke |- 1.95 kJIkg P, = 40 kPa 
2 2 1000 m^/s E 
x = 0.92 
V= 50 m/s 


(b) There is only one inlet and one exit, and thus m, = m, =m. We take the turbine as the 


system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


z £ = È 70 (steady) _ 
Ein i. cout = AE scien =0 
eaan Aar, 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E., =E 


ra(h; +V? /2)=Wo +m(hy +V7/2) (since Q = Ape = 0) 
v? -Vř 
2 


Wout = ift h; + 


Then the power output of the turbine is determined by substitution to be 


Wout =—(20 kg/s)(2318.5 — 3178.3 —1.95)kJ/kg = 14,590 kW = 14.6 MW 
(c) The inlet area of the turbine is determined from the mass flow rate relation, 


j 20 kg/s)(0.047420 m3/k 
ae 1 AV, re ed _ (20 kg/s)(0.047420 m”/kg) 
v V 80 m/s 


=0.0119m? 
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5-32 


> 
5-50 Problem 5-49 is reconsidered. The effect of the turbine exit pressure on the power output of the turbine as the 
exit pressure varies from 10 kPa to 200 kPa is to be investigated. The power output is to be plotted against the exit pressure. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns " 

T[1] = 450 [C] 
P[1] = 6000 [kPa] 
Vel[1] = 80 [m/s] 
P[2] = 40 [kPa] 
X_2=0.92 

Vel[2] = 50 [m/s] 130 
m_dot[1]=12 [kg/s] 


120 


Fluid$='Steam_IAPWS' | 
110 
"Property Data" To. 


h[1]=enthalpy(Fluid$,T=T[1],P=P[1]) L 
h[2]=enthalpy(Fluid$,P=P[2],x=x_2) 90 


T[2]=temperature(Fluid$,P=P[2],x=x_2) y a6 

v[1]=volume(Fluid$,T=T[1],p=P[1]) eo 

v[2]=volume(Fluid$,P=P[2],x=x_2) 70 

"Conservation of mass: " 2 L 

m_dot[1]= m_dot[2] 50 

49 4. E E E 

"Mass flow rate" o 40 80 120 160 200 
m_dot[1]=A[1]*Vel[1]/v[1] P[2] [kPa] 


m_dot[2]= A[2]*Vel[2]/v[2] 


"Conservation of Energy - Steady Flow energy balance" 
m_dot[1]*(h[1]+Vel[1]*2/2*Convert(m*2/s*2, kJ/kg)) = m_dot[2]*(h[2]+Vel[2]*2/2* Convert(m*2/s“2, 
kJ/kg))+W_dot_turb*convert(MW,kJ/s) 

DELTAke=Vel[2]*2/2*Convert(m*2/s*2, kJ/kg)-Vel[1]*2/2*Convert(m*2/s*2, kJ/kg) 


P2 Wiurb T2 11 
[kPa] | [MW] [C] 10.8 
10 10.95 | 45.81 
31.11 | 10.39 | 69.93 10.6 
52.22 | 10.1 82.4 idal 
73.33 | 9.909 | 91.16 = 
94.44 | 9.76 | 98.02 Š 10.2 
115.6 | 9.638 | 103.7 Pori 
136.7 | 9.535 | 108.6 aor 
157.8 | 9.446 | 112.9 Z 98 
178.9 | 9.367 | 116.7 i 
200 | 9.297 | 120.2 i 
9.4 
9:2 
0 40 160 200 


80 120 
P[2] [kPa] 
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5-33 
5-51 Steam expands in a turbine. The mass flow rate of steam for a power output of 5 MW is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through 6) 


P, =10 MPa 
h, = 3375.1 kJ/kg 
T; = 500°C 
P, =10 kPa 
hy = hy + Xh =191.814 0.90 x 2392.1 = 2344.7 kJ/kg 
xX, = 0.90 
Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the turbine as 
the system, which is a control volume since mass crosses the boundary. The energy balance 2 
for this steady-flow system can be expressed in the rate form as 
Ein i Eout = Need rere =0 
——— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eya 
mh =W, +h, (since Q = Ake = Ape = 0) 


Wou = =h =A) 
Substituting, the required mass flow rate of the steam is determined to be 


5000 kJ/s = —m(2344.7 — 3375.1) kJ/kg —> m = 4.852 kg/s 
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5-34 
5-52E Steam expands in a turbine. The rate of heat loss from the steam for a power output of 4 MW is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


1 


Properties From the steam tables (Tables A-4E through 6E) 


P, =1000 psi 
l PSA Lh, =1448.6 Btu/Ibm 
T, = 900°F 


P, =5 psi 
ETAS Jr =1130.7 Btu/lbm 
sat.vapor 


Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the turbine as 


the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


; i 2 - 70 (steady) = 
Ein ~ Fut = AE system =0 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eou 


mh = Qou + Wout thh, (since Ake = Ape = 0) 
Oout = —m(hy = hy) = Wout 
Substituting, 


1Bt 
Qu = —(45000/3600 Ibm/s)(1130.7 — 1448.6)Btu/Ibm — 4000 wn Ee) = 182.0 Btu/s 


out 
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5-35 
5-53 Air is compressed at a rate of 10 L/s by a compressor. The work required per unit mass and the power required are to 
be determined. 
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with constant specific heats. 
Properties The constant pressure specific heat of air at the average temperature of (20+300)/2=160°C=433 K is cp = 1.018 
kJ/kg-K (Table A-2b). The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1). 
Analysis (a) There is only one inlet and one exit, and thus m, = m, = m . We take the compressor as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


: Š fe x 70 (steady) =: 
Ein =; E out T. AE system =0 
Va a 
; , ——— 1 MPa 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


Compressor 


Wi +mh, =mh, (since Ake = Ape = 0) 
Win = (h, =h) = the, (T, -T,) 


120 kPa 
Thus, 20°C 
10 L/s 
Win = Cp (T2 —T,) = (1.018 kJ/kg - K)(300- 20)K = 285.0 kJ/kg 


(b) The specific volume of air at the inlet and the mass flow rate are 


RT, _ (0.287 kPa-m?/kg-K)(20+273 K) 
P, 120 kPa 


v= = 0.7008 m*/kg 


_V,_ 0.010m*/s 
vi 0.7008 m?/kg 


= 0.01427 kg/s 


Then the power input is determined from the energy balance equation to be 


Win = mc „ (T, —T,) = (0.01427 kg/s)(1.018 kJ/kg -K)(300 —20)K = 4.068 kW 
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5-36 
5-54 Argon gas expands in a turbine. The exit temperature of the argon for a power output of 190 kW is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties The gas constant of Ar is R = 0.2081 kPa.m*/kg.K. The constant pressure specific heat of Ar is Cp = 9.5203 
kJ/kg-°C (Table A-2a) 


Analysis There is only one inlet and one exit, and thus m, = m, = m . The inlet specific volume of argon and its mass flow 


rate are 
3 
v= Z _ 02081 S N : 123K) _ 6 90404 m?/kg A, = 60 cm? 
l P, = 1600 kPa 
Thus, Tı = 450°C 
V, = 55 m/s 
m=} AY, f (0.006 m? \ss m/s) = 3.509 kg/s 


vi | 0.09404 m°/kg 


We take the turbine as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow 
system can be expressed in the rate form as 
E. _ E = AE 70 (steady) =(0 
in out 


system 


uU_~—“Y 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies P = 150 kPa 


E, =E V, = 150 m/s 


(h, +V? /2) =Woy + (h, +Vz/2) (since Q = Ape = 0) 


2_ y2 
Wout = ih ee 2) 


2 


Substituting, 


Fa 2 
190 kJ/s = -(3.509 kg/s)| (0.5203 kJ/kg -°C)(T, — 450°C) + Cem ems) e a 
2 1000 m*/s 
It yields 


T, = 327°C 
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5-37 


5-55 Helium is compressed by a compressor. For a mass flow rate of 90 kg/min, the power input required is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 


Properties The constant pressure specific heat of helium is cp = 5.1926 kJ/kg-K (Table A-2a). 


Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the 


compressor as the system, which is a control volume since mass crosses the boundary. P» = 700 kPa 
The energy balance for this steady-flow system can be expressed in the rate form as T, = 430K 
: : : 710 (steady) 
Ein J E out = AF system an =0 


1 
Rate of net energy transfer Rate of change in internal, kinetic, i 
by heat, work, and mass potential, etc. energies Q 


He 
90 kg/min 


Win + mh =Qoy +rhh, (since Ake = Ape = 0) 
Win —Qout = rh(h, — hy) = mc p(T, -T,) ] 
Thus, P, = 120 kPa 
T,=310K 


Win = em + me, (T, -T,) 
= (90/6 0 kg/s)(20 kI/kg) + (90/60 kg/s)(5.1926 kJ/kg - K)(430 -310)K 
= 965 kw 
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5-38 


5-56 CO, is compressed by a compressor. The volume flow rate of CO, at the compressor inlet and the power input to the 
compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with variable specific heats. 4 The device is adiabatic and thus heat transfer is 
negligible. 


Properties The gas constant of CO; is R = 0.1889 kPa.m*/kg.K, and its molar mass is M = 44 kg/kmol (Table A-1). The 
inlet and exit enthalpies of CO, are (Table A-20) 


T,=300K > h =9,431kJ/kmol 2 
T, =450K — hy =15,483 kJ /kmol 


Analysis (a) There is only one inlet and one exit, and thus m, = m, = m . The inlet 
specific volume of air and its volume flow rate are 
RT, _ (0.1889 kPa-m°/kg-K \300 K) 


y = = EE = 0.5667 mi keg 
P, 100 kPa 


V = mv, =(0.5 kg/s)(0.5667 m?/kg) = 0.283 m?/s 1 


(b) We take the compressor as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


: : a i 70 (steady) = 
E in Eou = AE system =0 
SS [SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein =E out 


W., + 1th, =h, (since Q = Ake = Ape = 0) 
Win = ra(h — hy) = ah — hy) / M 


Substituting 


five (0.5 kg/s\15,483 — 9,431 kJ/kmol) 


in = 68.8 kw 
44 kg/kmol 
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5-39 
5-57 Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and thus 
there is no heat transfer. 3 Air is an ideal gas with constant specific heats. 


Properties The constant pressure specific heat of air at the average temperature of (500+127)/2=314°C=587 K is c, = 1.048 
kJ/kg-K (Table A-2b). The gas constant of air is R = 0.287 kPa-m*/kg-K (Table A-1). 
Analysis (a) There is only one inlet and one exit, and thus m, =m, =m. We take the turbine as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


P 5 z 70 (stead; 
Ein — E out = AE siem (steady) =0 
a ANÁ 
Rate of net energy transfer Rate of change in internal, kinetic, 1.3 MPa 
by heat, work, and mass potential, etc. energies 500°C 
; ; 40 m/ 
En = E ou m/s 
an oe eg tae 
a(n + £ = alt + Eg + Wout 
ee v? -Vv )\_. v? -v2 100 kPa 
Vig i hr t E = m| c, (Tı -T2)+— 127°C 


The specific volume of air at the inlet and the mass flow rate are 


RT, _ (0.287 kPa-m*/kg-K)(500 +273 K) 


= 0.1707 m?/kg 
P, 1300 kPa 


Y= 


n- AM _ 0.2 m?)(40 m/s) 
vi 0.1707 m?/kg 


= 46.88 kg/s 


Similarly at the outlet, 


_ RT, _ (0.287 kPa-m?/kg-K)(127+273K) 


+= = 1.148 m*/kg 
P, 100 kPa 


mv, _ (46.88 kg/s)(1.148 m*/kg) 


A ; = 53.82 m/s 
2 lm 


V, = 


(b) Substituting into the energy balance equation gives 


v? -V2 | 


Wout = ale (T, -T,)+ 2 


4 2 _ (53.82 m/s)? ( 1kJ/k 
= (46 884g) (088g KSO0-127K +Í ss le GEE) | BRE ) 


2 
= 18,300 kw 
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5-40 
5-58E Air is expanded in an adiabatic turbine. The mass flow rate of the air and the power produced are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and thus 
there is no heat transfer. 3 Air is an ideal gas with constant specific heats. 


Properties The constant pressure specific heat of air at the average temperature of (800+250)/2=525°F is c, = 0.2485 
Btu/lbm-R (Table A-2Eb). The gas constant of air is R = 0.3704 psia-ft’/Ibm-R (Table A-1E). 
Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the turbine as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


Ein = Bes a AB system (steady) =0 
Rate of net energy transfer Rate of change in internal, kineti 500 psia 
ate of net ener anster ate of change in internal, kinetic, 
by heat, work, and aes potential, etc. energies 80 aT 
Ein = E out 
. VAa be Ve he. 2 
a(n za = alt Eiis 
60 psia 
; Va v? -V2 A 
W.. =mh, -h, + _ JE ml c (T, -T,)+#— 250°F 
out 1 2 2 | l pl 1 2) 7 50 ft/s 
The specific volume of air at the exit and the mass flow rate are 
RT. 3704 psia - ft? /lbm - R)(250 + 460 R 
T 2 _ (0.3704 psia ori )(250 + 460 ) L 4393823 Ibm 
P, 60 psia 
v 3 
== LaL =11.41kg/s 
¥, 4.383 ft” /lbm 
j 11.411 4.383 ft? /1 
V> = mv, ( bm/s)( 2 /lbm) _ 41.68 fi/s 
A, 1.2 ft 
Similarly at the inlet, 
RT ; ia-ft?/Ibm- 
TE ı _ (0.3704 psia - ft i PORIE R) 0.9334 f3/Ibm 
P, 500 psia 
j 11.411 .9334 ft? /1 
V, = mv ( bm/s)(0.933 /lbm) -17.75 fils 


Ay 0.6 ft? 


Substituting into the energy balance equation gives 


vê -V7 
Wout = dept 1) | 


ae 2 
=(11.41 hs 02485 Btu/Ibm-R)(800 —250)R + Lan yae lBtubm | 


2 25,037 ft? /s? 
= 1559 Btu/s = 1645 kW 
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5-41 


5-59 Steam expands in a two-stage adiabatic turbine from a specified state to another state. Some steam is extracted at the 
end of the first stage. The power output of the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 


with time. 2 Kinetic and potential energy changes are negligible. 3 The 5 MPa 
turbine is adiabatic and thus heat transfer is negligible. 600°C 
Properties From the steam tables (Tables A-5 and A-6) 20 kg/s 


P, =5 MPa 


h; =3666.9 kJ/kg 
T, = 600°C 


P, =0.5 MPa 
h, = 2748.1 kJ/kg 

X2 =1 

P, =10 kPa h; =hş + xh 

x, =0.85 =191.81 + (0.85)(2392.1) = 2225.1 kJ/kg n 

X=U. 

Analysis We take the entire turbine, including the connection part 0.1 MPa 
between the two stages, as the system, which is a control volume since 2 kg/s 
mass crosses the boundary. Noting that one fluid stream enters the sat. vap. 


turbine and two fluid streams leave, the energy balance for this steady- 
flow system can be expressed in the rate form as 


Én = Eou = AE #0 (steady) =0 


system 


SSS SSD A 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein SE 
rah; =m hy + mh, + Wont 
=m, (h, —0.1h, —0.9h3) 


W, 


out 


Substituting, the power output of the turbine is 


Wout = m (h, ai 0.1h, a 0.9h;) 
= (20 kg/s)(3666.9 — 0.1 x 2748.1 — 0.9 x 2225.1) kJ/kg 
= 27,790 kW 
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5-42 
5-60 Steam is expanded in a turbine. The power output is given. The rate of heat transfer is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Table A-4, A5, A-6) 
P, =6 MPa 
T, = 600°C 
P, =0.5 MPa 
T, = 200°C 


þa =3658.8 kJ/kg 


| h, = 2855.8 kJ/kg 


Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. Noting that one 


fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate 
form as 


- -a z #0 (steady) _ 
Ein B E out = AE system =0 
—— SS 
Rate of net energy transfer Rate of change in internal, kinetic, 26 kg/ S 
by heat, work, and mass potential, etc. energies 6 MPa 
i x 6 
Ei, =E 600°C 


y? y2 i ; 
m hy ara = rl h, Ea +Wout +Qout (since Ape = 0) 


. ; : vê -Vf 
Qout z Wout + a(n = hy + wate 0.5 MPa 


200°C 
Substituting, 


v2 —v2 
Qout = Wout + a(n = hy + vee 


a 2 
= 20,000 kW + (26 kg/s)| (3658.8 - 2855.8)kI/kg + O80 m/s) í LLa ) 
2 1000 m*/s 


= 455 kw 
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5-43 
5-61 Helium at a specified state is compressed to another specified state. The power input is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas. 


Properties The properties of helium are c, = 5.1926 kJ/kg:K and R = 2.0769 kPa-m*/kg-K (Table A-2a). 


Analysis (a) There is only one inlet and one exit, and thus m, =m, =m. We take the compressor as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


: : = : 70 (steady) = 
Ein = Esi = AE system =0 400 kP 
Å — 
a 
Rate of net energy transfer Rate of change in internal, kinetic, 3 
by heat, work, and mass potential, etc. energies 200°C 


Ein = Eou 
Wi, + mh, =mh, (since Ake = Ape = 0) 
Win =m(h, — hy) = mc „(T3 —T;) 


Compressor 


150 kPa 
The mass flow rate is determined from 20°C 


15 m/s 


a AM AVP (0.1m*)(15 m/s)(150 kPa) 0.3697 kg/s 
vi RT, (2.0769 kPa: m*/kg - K)(293 K) 
Substituting, 

Win = mc , (T, —T,)= (0.3697 kg/s)(5.1926 kJ/kg - K)(200 — 20)K = 346 kW 
The flow power input is determined from 


W jy = hPa — P,v,) = hR(T, — T, )= (0.3697 kg/s)(2.0769 kJ/kg - K)(200 — 20)K = 138 kW 
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5-44 
Throttling Valves 


5-62C The temperature of a fluid can increase, decrease, or remain the same during a throttling process. Therefore, this 
claim is valid since no thermodynamic laws are violated. 


5-63C No. Because air is an ideal gas and h = h(T) for ideal gases. Thus if h remains constant, so does the temperature. 


5-64C If it remains in the liquid phase, no. But if some of the liquid vaporizes during throttling, then yes. 


5-65C Yes. 


5-66 Refrigerant-134a is throttled by a capillary tube. The quality of the refrigerant at the exit is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the throttling valve as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


Ein i Bay = AEn Ge 0 
Ei = Eoi N z 
: : Sat. liquid 
mh, = mh, O 
hy = hy 
; eee \ R-134a 
since Q2=W=Ake=Ape=0. 
The inlet enthalpy of R-134a is, from the refrigerant tables (Table A-11), b 
-20°C 
T, =50°C 
tT” bhi =hy =123.49 kJ/kg 
sat. liquid 


The exit quality is 


= 0.460 


HERPE _fa~hy _123.49-25.49 
h, =h; hg 212.91 
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5-45 
5-67 Steam is throttled from a specified pressure to a specified state. The quality at the inlet is to be determined. 
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the throttling valve as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


E. -È = AE 70 (steady) =i 
in oul 


system 


Ein = Eout Throttling valve 
mh, = mh, Steam 100 kPa 
h; =h, 2 MPa 120°C 


Since Q=W =Ake = Ape=0. 


The enthalpy of steam at the exit is (Table A-6), 


P, =100kPa 


hy = 2716.1 kJ/kg 
T, =120°C 


The quality of the steam at the inlet is (Table A-5) 


P, = 2000 kPa | _hħ—hf _2716.1-908.47 
1 


h; =h, = 2716.1kI/kg hig 1889.8 


= 0.957 
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5-46 


5-68 D Refrigerant-134a is throttled by a valve. The pressure and internal energy after expansion are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Properties The inlet enthalpy of R-134a is, from the refrigerant tables (Tables A-11 through 13), 


P, =0.8 MPa 


a ha = h saso = 86-41 kJ/kg 


Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the throttling valve as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


7 P > 70 (stead; = 
En z E out = AE system 6 < ») = 0 - — 
, é = 
Ein = E out 
mh, = mh, 
h, =h, 


since O = W = Ake = Ape = 0. Then, 


T, =-20°C | h; =25.49 kJ/kg, up =25.39 kJ/kg 
T = -20°C 


(h, =h) hg = 238.41 kJ/kg Ug =218.84 kJ/kg 
Obviously hy < hz <hg, thus the refrigerant exists as a saturated mixture at the exit state, and thus 
P, = Prat @ -20°C = 132.82 kPa 
Also, 


hy—hy _ 86.41-25.49 
hy 212.91 


x, = =0.2861 


Thus, 
U, =U p + X,U g =25.39 + 0.2861 x 193.45 = 80.74 kJIkg 
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5-47 
5-69 Steam is throttled by a well-insulated valve. The temperature drop of the steam after the expansion is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Properties The inlet enthalpy of steam is (Tables A-6), 


P =$ MP P, = 8 MPa 

= a 7 

: h, = 2988.1 kJ/kg T; = 350°C 
T; =350°C Q 

Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the y 


throttling valve as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


H20 


E0) 


È. -É = AE 70 (steady) xü 
in oul 


system P> =2 MPa 
Ein = E out 
h; = hy 


since Q = W = Ake = Ape = 0. Then the exit temperature of steam becomes 


P, =2 MPa 


T, =285°C 
(h, =h) | j 
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5-48 


EES 
5-70 Problem 5-69 is reconsidered. The effect of the exit pressure of steam on the exit temperature after throttling as 
the exit pressure varies from 6 MPa to 1 MPa is to be investigated. The exit temperature of steam is to be plotted against 
the exit pressure. 


Analysis The problem is solved using EES, and the solution is given below. 


WorkingFluid$='Steam_iapws' "WorkingFluid can be changed to ammonia or other fluids" 
P_in=8000 [kPa] 

T_in=350 [C] 

P_out=2000 [kPa] 


"Analysis" 

m_dot_in=m_dot_out "steady-state mass balance" 

m_dot_in=1 "mass flow rate is arbitrary" 

m_dot_in*h_in+Q_dot-W_dot-m_dot_out*h_out=0 "steady-state energy balance" 

Q_dot=0 "assume the throttle to operate adiabatically" 

W_dot=0 "throttles do not have any means of producing power" 
h_in=enthalpy(WorkingFluid$,T=T_in,P=P_in) "property table lookup" 
T_out=temperature(WorkingFluid$,P=P_out,h=h_out) "property table lookup" 
x_out=quality(WorkingFluid$,P=P_out,h=h_out) "x_out is the quality at the outlet" 
P[1]=P_in; P[2]=P_out; h[1]=h_in; h[2]=h_out "use arrays to place points on property plot" 


Pout Tout = 
[kPa] [C] 


1000 | 270.5 | Ca 
1500 | 277.7 = 
2000 | 284.6 | PFa | 
2500 | 291.2 gia 
3000 | 297.6 = | 
3500 | 303.7 $ 300 ea 
4000 | 309.5 rt 
4500 | 315.2 290 a 
5000 | 320.7 
5500 | 325.9 280 
6000 | 331 i 

270 aa 


1000 2000 3000 4000 5000 6000 
Pout [kPa] 


P [kPa] 


0 
10 L L L L È L L L L L 
0 500 1000 1500 2000 2500 3000 3500 


h [kJ/kg] 
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5-71E Refrigerant-134a is throttled by a valve. The temperature and internal energy change are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 


Analysis There is only one inlet and one exit, and thus m, = m, = m. We take the throttling valve as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


E. -È = AE 70 (steady) =i 
in oul 


system 
: : 1 oo 2, 
Ein = E out — > —> 
mh, = mh, 


hi =h, 


since Ò = W = Ake = Ape = 0 . The properties are (Tables A-11E through 13E), 


7 ._ ~ hy =48.52 Btu/lbm 

P Pa = 48.10 Btu/Ibm 

te T, =109.5°F 

P, =30 psia T, =15.4°F 

h, = h, =48.52 Btu/lbm Íu, = 45.41 Btu/lbm 


AT =T, -T, =15.4 -109.5 = -94.1°F 


Au =u, —u, =45.41 — 48.10 = -2.7 Btullbm 


That is, the temperature drops by 94.1°F and internal energy drops by 2.7 Btu/lbm. 
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5-50 


Mixing Chambers and Heat Exchangers 


5-72C Under the conditions of no heat and work interactions between the mixing chamber and the surrounding medium. 


5-73C Under the conditions of no heat and work interactions between the heat exchanger and the surrounding medium. 


5-74C Yes, if the mixing chamber is losing heat to the surrounding medium. 


5-75 Hot and cold streams of a fluid are mixed in a mixing chamber. Heat is lost from the chamber. The energy carried 
from the mixing chamber is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 


Analysis We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


> E _ : 70 (steady) = 
E in E out ~ AE system =0 Cold stream Q 
Rate of net energy transfer Rate of change in internal, kinetic, 15 kg/ S 
by heat, work, and mass potential, etc. energies 50 KJ ikg 
Èn =É out `~ © 
mye, + m,e, = m;e; + Ore @Q— 
From a mass balance 
Hot stream 7” © 
m, =m, +m, =5+15=20kg/s 5 kg/s 
ts fad oF . i 150 kJ/kg 
Substituting into the energy balance equation solving for the 
exit enthalpy gives 
m;e; + me, = m;e; + Qout 
j ne, -Q kg) -5.5 k 
TE mye, + Hoes Qou _ (5 kg/s)(150 kJ/kg + (15 kg/s)(50 kJ/kg) —5.5 kW _ 74.7 kJlkg 


m3 20 kg/s 
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5-51 


5-76 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 


water is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties 


are constant. 5 There are no work interactions. 


Properties Noting that T < Tsat @ 250 kPa = 127.41°C, the water in all three 
streams exists as a compressed liquid, which can be approximated as a 
saturated liquid at the given temperature. Thus, 


hy = hf@soc = 335.02 kJ/kg 
hy = hy@20c = 83.915 kJ/kg 
hs = hp@arec = 175.90 kJ/kg 


Analysis We take the mixing chamber as the system, which is a control 
volume. The mass and energy balances for this steady-flow system can 
be expressed in the rate form as 


Mass balance: 


7 4 = Ris AO (steady) _ ; ee aa 
Min — Mout = AM ystem =0 > m +m, = m, 
Energy balance: 
È a E = AE 0 (steady) =0 
in out = system = 
SSS SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eou 


riyh, + mh, = hh, (since Q =W = Ake = Ape = 0) 
Combining the two relations and solving for m, gives 
rh, + h, = (ri +m, Jh; 
Substituting, the mass flow rate of cold water stream is determined to be 


Ta (335.02 - 175.90) kJ/kg (0.5 kg/s)= 0.865 kg/s 
> (175.90 — 83.915) kJ/kg `` 


Tı = 80°C 
m, = 0.5 kg/s 


H,O 
(P = 250 kPa) 
T; = 42°C 


T2 = 20°C p 
m2 
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5-77E Liquid water is heated in a chamber by mixing it with saturated water vapor. If both streams enter at the same rate, 
the temperature and quality (if saturated) of the exit stream is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From steam tables (Tables A-5E through A-6E), 
h; = hy@osr = 33.08 Btu/lbm 
hy = hg @ 20 psia = 1156.2 Btu/Ibm 


Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The 
mass and energy balances for this steady-flow system can be expressed in the rate form as 


Mass balance: 


. d Be hs 70 (steady) _ Tı = 65°F 
Min —Mout = AM system =0 Sooo o o 
Min = Mout H2O 
m; +m, =m, =2m (P = 20 psia) 
a eee T3, X3 
1 2 
Sat. vapor a 
Energy balance: AE 
mM = M; 
: 3 = g 0 (steady) ae 
Ein 3 E out = AE system =0 
Sa RERE 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 


riyh, + h, = h, (since Q =W = Ake = Ape = 0) 


Combining the two gives 
mh, + rh, = 2rùh; or hy = (h; +h, )/2 
Substituting, 
h; = (33.08 + 1156.2)/2 = 594.6 Btu/lbm 
At 20 psia, hp= 196.27 Btu/lbm and h, = 1156.2 Btu/lbm. Thus the exit stream is a saturated mixture since hy < hg < hg. 
Therefore, 
T; = Tsat @ 20 psia = 228°F 


and 


F _h,=hş 594.6 -196.27 Er 
> hg 1156.2 -196.27 
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5-78 Two streams of refrigerant-134a are mixed in a chamber. If the cold stream enters at twice the rate of the hot stream, 
the temperature and quality (if saturated) of the exit stream are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From R-134a tables (Tables A-11 through A-13), 
hy = hr@20°c = 79,32 kJ/kg 
hy =h @1MpPa, 80°C 7 314.25 kJ/kg 


Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The 
mass and energy balances for this steady-flow system can be expressed in the rate form as 


Mass balance: 


s B ‘ AO (stead = 20° 
Min — Mout = AM system wae 0 Ti TA £ 
3 m, = 2m, N 


Min = Mout 


. . . . . . a R- 1 3 4a 
mı +m, =m, =3m, since m, = 2m, (P = 1 MPa) 
T3, X 
Energy balance: a 
T» = 80°C 
ž : = #0 (steady) _ 2 

Ein a E out = AE system =0 

SS R AREA PA 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein =E out 


rah; + mh, = mh, (since Q =W =Ake = Ape = 0) 
Combining the two gives 
2mh, + mh, =3m,h, or h, =(2h, + h, )/3 
Substituting, 
h; = (2x79.32 + 314.25)/3 = 157.63 kJ/kg 


At 1 MPa, h;= 107.32 kJ/kg and hg = 270.99 kJ/kg. Thus the exit stream is a saturated mixture since hy < h; < hg. 
Therefore, 


T3 = Tsat @ 1 MPa = 39.37°C 
and 


h; -h - 
x, =t hr 15763-10732 0307 
hg 270.99-107.32 
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5-79 Problem 5-78 is reconsidered. The effect of the mass flow rate of the cold stream of R-134a on the temperature 
and the quality of the exit stream as the ratio of the mass flow rate of the cold stream to that of the hot stream varies from 1 
to 4 is to be investigated. The mixture temperature and quality are to be plotted against the cold-to-hot mass flow rate ratio. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 


m_frac = 2 "m_frac =m_dot_cold/m_dot_hot= m_dot_1/m_dot_2" 


T[1]=20 [C] 
P[1]=1000 [kPa] 
T[2]=80 [C] 
P[2]=1000 [kPa] 


m_dot_1=m_frac*m_dot_2 


P[3]=1000 [kPa] 
m_dot_1=1 


"Conservation of mass for the R134a: Sum of m_dot_in=m_dot_out" 


m_dot_1+ m_dot_2 =m_dot_3 


"Conservation of Energy for steady-flow: neglect changes in KE and PE" 


"We assume no heat transfer and no work occur across the control surface." 


E dot_in-E_dot_out = DELTAE_dot_cv 


DELTAE_dot_cv=0 "Steady-flow requirement" 


E_dot_in=m_dot_1*h[1] + m_dot_2*h[2] 


E_dot_out=m_dot_3*h[3] 


"Property data are given by:" 


h[1] =enthalpy(R134a,T=T[1],P=P[1]) 
h[2] =enthalpy(R134a, T=T[2],P=P[2]) 


T[3] =temperature(R134a,P=P[3],h=h[3]) 


x_3=QUALITY(R134a,h=h[3],P=P[3]) 


Mirac X3 
[C] 

1 39.37 0.5467 
1.25 39.37 0.467 
1.5 39.37 0.4032 
1.75 39.37 0.351 

2 39.37 0.3075 
2.25 39.37 0.2707 
2.5 39.37 0.2392 
2.75 39.37 0.2119 

3 39.37 0.188 
3.25 39.37 0.1668 
3.5 39.37 0.1481 
3.75 39.37 0.1313 

4 39.37 0.1162 
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5-80E Steam is condensed by cooling water in a condenser. The rate of heat transfer in the heat exchanger and the rate of 
condensation of steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/Ibm.°F (Table A-3E). The 


enthalpy of vaporization of water at 85°F is 1045.2 Btu/Ibm (Table A-4E). Steam 
. : ep) 85°F 
Analysis We take the tube-side of the heat exchanger where cold water is : 
flowing as the system, which is a control volume. The energy balance for > 73°F 
this steady-flow system can be expressed in the rate form as 
: : = 2 70 (steady) 
Ein = Font 7 AE cater ia =0 
A —~- 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Én = Bi 60°F 
= . . . 3 
Qin + mh; =mh, (since Ake = Ape = 0) Water 
Q; = mc, (h -T,) SA 


Then the rate of heat transfer to the cold water in this heat exchanger becomes SR f 


Q = [rhc p (Tour -Tin lwat: = (138 1bm/s)(1.0 Btu/Ibm.°F)(73°F — 60°F) = 1794 Btuls 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


Q 1794 Btu/s 


hy 1045.2 Btu/lbm 


=1.72 Ibm/s 


Q= (mh fg Jaton = > Msteam = 
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5-81 Steam is condensed by cooling water in the condenser of a power plant. If the temperature rise of the cooling water is 


not to exceed 10°C, the minimum mass flow rate of the cooling water required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Liquid water is an incompressible substance with 
constant specific heats at room temperature. 


Properties The cooling water exists as compressed liquid at both states, and its specific heat at room temperature is c = 4.18 
kJ/kg-°C (Table A-3). The enthalpies of the steam at the inlet and the exit states are (Tables A-5 and A-6) 


P, = 20 kPa 
x = 0.95 
P, = 20 kPa 
sat. liquid 


In = hy + Xh = 251.42 + 0.95 x 2357.5 = 2491.1 kJ/kg 


Analysis We take the heat exchanger as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 


Mass balance (for each fluid stream): 


à : E 70 (steady) _ 
Min Mout = AM system =0 pN Steam 
a 20 kPa 
Min Mout 
. . . . a 
m =m, =m, and m,=m,=m, 
Energy balance (for the heat exchanger): 
a z ` 70 (steady) = 
Ein = Oe = AE system =0 
—— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 3 =x 
Ein = Eont Water 
mh, + m,h, = m,h, + mgh, (since Q =W = Ake = Ape = 0) | 
Combining the two, 


my (hy =h, )= m, (h; -h4) 


Solving for m, : 


Substituting, 


_ (2491.1-251.42)KJ/kg 
(4.18 kI/kg-° C)(10°C) 


(20,000/3600 kg/s) = 297.7 kgls 


w 
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5-82 Ethylene glycol is cooled by water in a heat exchanger. The rate of heat transfer in the heat exchanger and the mass 
flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and ethylene glycol 


are given to be 4.18 and 2.56 kJ/kg.°C, respectively. Cold Wat | 
o ater 


Analysis (a) We take the ethylene glycol tubes as the 20°C 
system, which is a control volume. The energy balance 
for this steady-flow system can be expressed in the rate 


fönmas Hot Glycol 

70 (steady) 
+ ` _ > steady = 

Ein ~ Esa 7 AE em =0 80°C 

y X 3.2 kg/ 

Rate of net energy transfer Rate of change in internal, kinetic, ` g/s 
by heat, work, and mass potential, etc. energies 

Ein = Eou 


mh, = Q +h, (since Ake = Ape = 0) 


Qour = Me, (T, -T,) 
Then the rate of heat transfer becomes 
Q= [mc p (Tin — Tout )etyeot = (3-2 kg/s)(2.56 kI/kg.°C)(80°C — 40°C) = 327.7 kW 
(b) The rate of heat transfer from glycol must be equal to the rate of heat transfer to the water. Then, 


Q= [rte p Tone — Tis) water — "ater =————~ = a =1.57 kgls 
Cp (Tout Tn) (4-18 KJ/kg.°C)(70°C — 20°C) 


out 
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EES 
5-83 Problem 5-82 is reconsidered. The effect of the inlet temperature of cooling water on the mass flow rate of 
water as the inlet temperature varies from 10°C to 40°C at constant exit temperature) is to be investigated. The mass flow 
rate of water is to be plotted against the inlet temperature. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_w[1]=20 [C] 

T_w[2]=70 [C] "w: water" 

m_dot_eg=2 [kg/s] "eg: ethylene glycol" 
T_eg[1]=80 [C] 

T_eg[2]=40 [C] 

C_p_w=4.18 [kJ/kg-K] 

C_p_eg=2.56 [kJ/kg-K] 


"Conservation of mass for the water: m_dot_w_in=m_dot_w_out=m_dot_w" 
"Conservation of mass for the ethylene glycol: m_dot_eg_in=m_dot_eg_out=m_dot_eg" 


"Conservation of Energy for steady-flow: neglect changes in KE and PE in each mass steam" 
"We assume no heat transfer and no work occur across the control surface." 

E_dot_in - E_dot_out = DELTAE_dot_cv 

DELTAE_dot_cv=0 "Steady-flow requirement" 

E_dot_in=m_dot_w*h_w[1] +m_dot_eg*h_eg[1] 

E_dot_out=m_dot_w*h_w[2] + m_dot_eg*h_eg[2] 

Q_exchanged =m_dot_eg*h_eg[1] - m_dot_eg*h_eg[2] 


"Property data are given by:" 

h_w[1] =C_p_w*T_w[1] "liquid approximation applied for water and ethylene glycol" 
h_w[2] =C_p_w*T_w[2] 

h_eg[1] =C_p_eg*T_eg[1] 

h_eg[2] =C_p_eg*T_eg[2] 


Tw,1 Mw 2.8 
[C] [kg/s] 
10 1.307 2.6 
15 1.425 F 1 
20 1.568 oo 
25 1.742 f 
30 1.96 y 
35 2.24 > -Í 
40 2.613 = “| 
.£ 1.8 
1.6 
aes Fd 
1.2 
10 15 20 25 30 35 40 


Twi [C] 
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5-59 
5-84 Oil is to be cooled by water in a thin-walled heat exchanger. The rate of heat transfer in the heat exchanger and 
the exit temperature of water is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 
and 2.20 kJ/kg.°C, respectively. 


Hot oil i 
150°C eg 


Analysis We take the oil tubes as the system, which is a control 
volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


: 7 _ : 70 (steady) = 
E in Eou = AE sein =0 
— m 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


rah, = Qou + Mh (since Ake = Ape = 0) 


Qour = Me, (T, - Th) 
Then the rate of heat transfer from the oil becomes 
Q= [mp (Tin — Tour loin = (2 kg/s)(2.2 kI/kg.°C)(150°C — 40°C) = 484 kw 
Noting that the heat lost by the oil is gained by the water, the outlet temperature of the water is determined from 


er Q 5 484 kJ/s 
Q = [me , (Tout = Ls eater Tout =T,, + ae Est 22°C + 


in 


—_—_———____ = 992°C 
MwaterCp (1.5 kg/s)(4.18 kJ/kg.°C) 
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5-85 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the exit temperature of hot water 
are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control 
volume. The energy balance for this steady-flow system can be expressed in 


the rate form as veld i 


Water 
7 : n 70 (stead: 6 
Ein = Fut = AE system ety) =0 15°C 


Be oT Ee Hot water 
Rate of net energy transfer Rate of change in internal, kinetic, —_ 
by heat, work, and mass potential, etc. energies 
. . (e) 
E in 7 Eou ie 
3 kg/s 


Qn + mh, = mh, (since Ake = Ape = 0) 
Qin = me, (T, -T) 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 
Q= [rnc y (Tout — Tin cota water = (0-60 kg/s)(4.18 kI/kg.°C)(45°C — 15°C) = 75.24 kW 


Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of the hot water is 
determined to be 


m2. Q F 75.24kW 
Q= [mc (Tn T Tout ioe wtr S L = Tn == = 100°C 


onin ic, G kg/s)(4.19 kJ/kg.°C) 


94.0°C 
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5-86 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the outlet 
temperature of the air are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. 


Analysis We take the exhaust pipes as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


out 


Èn = Pic. = AE AO (steady) =Ü E., = E 


system 


uU_~—“Y’ 
Rate of net energy transfer Rate of change in internal, kinetic, 


by heat, work, and mass potential, etc. energies 
mh = Qu + Mth) (since Ake = Ape = 0) 
3 i Air 
Qout = mc, (T a, Ty) 95 kPa S 
20°C O 
Then the rate of heat transfer from the exhaust gases 3 % 
0.6 m/s O S 
becomes S 
Q = [mc, (Tin = Tout )lgas 


= (0.95 kg/s)(1.1 kI/kg.°C)(160°C — 95°C) 


= 67.93 kW Exhaust gases 


0.95 kg/s, 95°C 
The mass flow rate of air is 
ee Vv (95 kPa)(0.6 m?/s) 
RT (0.287 kPa.m3/kg.K) x 293 K 


= 0.6778 kg/s 


Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the air becomes 


bo 0 ; 67.93 kW 
Q = mep (To out Teas) >To out = Tesi + e =20°C + =120°C 


mc p (0.6778 kg/s)(1.005 kJ/kg.°C) 
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5-87E An adiabatic open feedwater heater mixes steam with feedwater. The outlet mass flow rate and the outlet velocity are 


to be determined for two exit temperatures. 
Assumptions Steady operating conditions exist. 
Analysis From a mass balance 
m, =m, +m, =0.1+2 = 2.1lbm/s 
The specific volume at the exit is (Table A-4E) 
EA 0.01620 ft? /lb 
v Zv op = 0. m 
T, =120°F 3 f @120°F 
The exit velocity is then 
mV; 4m,v 
V, = 343 _ mn; a 
A; aD 
_ 4(2.11bm/s)(0.01620 ft? /Ibm) 
z(0.5 ft)” 
= 0.1733 ft/s 
When the temperature at the exit is 180°F, we have 
P, =10 psia 


v, zv op = 0.01651 ft?/lbm 
T, =180°F | 3 f @180°F 


_ Thy; _ 4v _ 4(2.1 1bm/s)(0.01651 ft? /Ibm) 


V, = 2 = 
SAS aD? (0.5 ft)? 


Water 
10 psia 


100°F ~ 
2 Ibm/s `~ © 
10 psi 
> @— psia 
120°F 
Steam aD 
10 psia P 


200°F 
0.1 Ibm/s 


= 0.1766 ft/s 


The mass flow rate at the exit is same while the exit velocity slightly increases when the exit temperature is 180°F instead 


of 120°F. 
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5-88E D Air is heated in a steam heating system. For specified flow rates, the volume flow rate of air at the inlet is to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 


Properties The gas constant of air is 0.3704 psia.ft/lbm.R (Table A-1E). The constant pressure specific heat of air is Cp = 
0.240 Btu/lbm-°F (Table A-2E). The enthalpies of steam at the inlet and the exit states are (Tables A-4E through A-6E) 


P, = 30 psia 
h, = 1237.9 Btu/Ibm 
T, = 400°F 
ae 180.21 Btu/Ib 
T,=212°F | 47 f@urrF ` S 


Analysis We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for 
this steady-flow system can be expressed in the rate form as 


Mass balance ( for each fluid stream): 


AIR 
. . =e #0 (steady) _ 
Min “Mot = AM system =0 Ji 
Min = Mout Steam 
ri, =m, =m, and th, =m, =m, ; 
Energy balance (for the entire heat exchanger): 
: - = ~ 70 (steady) _ 4 
Ein a Esn = AE system =0 \ 
——_—_ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = E out 


Combining the two, m, (h, —h, )= m, (h; -h4 ) 


Solving for m, : 


Substituting, 


(1237.9 —180.21)Btu/lbm 
“ (0.240 Btu/Ibm - °F)(130 — 80)°F 


(15 Ibm/min) = 1322 Ibm/min = 22.04 Ibm/s 


Also, 


_ RT, _ (0.3704 psia - ft*/lbm-R)(540 R) 


= : =13.61 ft?/lbm 
P, 14.7 psia 


Then the volume flow rate of air at the inlet becomes 


Ü, = mv, = (22.04 Ibm/s)(13.61 ft°/Ibm) = 300 ft?/s 
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5-89 Two streams of cold and warm air are mixed in a chamber. If the ratio of hot to cold air is 1.6, the mixture temperature 
and the rate of heat gain of the room are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties The gas constant of air is R = 0.287 
kPa.m*/kg.K. The enthalpies of air are obtained 


from air table (Table A-17) as Gold 
h, =h @280K = 280.13 kJ/kg ae N 


hy = h @307x = 307.23 kJ/kg 
enen =h @297K — 297.18 kJ/kg 


Analysis (a) We take the mixing chamber as the air a 


system, which is a control volume since mass 34°C 
crosses the boundary. The mass and energy 

balances for this steady-flow system can be 

expressed in the rate form as 


Room 24°C 


Mass balance: 


AO (steady) 


Min = Mout = AM er = 0—> Mn = Maut >M +1.6m, =m, = 2.6m, since m, =1.6m, 
Energy balance: 
: : = 70 (steady) eo: 

Ein J E out z AE system =0 

Cam \ ee) 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein = EF out 


mh + mh, = m,h, (since Q = W = Ake = Ape = 0) 


Combining the two gives rity + 2.2rhhy =3.2rh,h; or h; =(h, + 2.2h, )/ 3.2 
Substituting, 

h; = (280.13 +2.2x 307.23)/3.2 = 298.76 kJ/kg 
From air table at this enthalpy, the mixture temperature is 

T; = T @n=298.76 kikg = 298.6 K = 25.6°C 
(b) The mass flow rates are determined as follows 

_ RT, _ (0.287 kPa-m*/kg : K)(7 + 273 K) 
O po 105 kPa 
V, 0.75m°/s 


m =-= —— =0.9799 kg/s 
vi 0.7654m°/kg 


rh; =3.2rn, =3.2(0.9799 kg/s) = 3.136 kg/s 


= 0.7654 m?> /kg 


The rate of heat gain of the room is determined from 


Quin = Tins Choom — h3) = 3.136 kg/s)(297.18 — 298.76) kJ/kg = -4.93 kW 


The negative sign indicates that the room actually loses heat at a rate of 4.93 kW. 
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5-90 A heat exchanger that is not insulated is used to produce steam from the heat given up by the exhaust gases of an 
internal combustion engine. The temperature of exhaust gases at the heat exchanger exit and the rate of heat transfer to the 
water are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Exhaust gases are assumed to have air properties with constant specific 
heats. 


Properties The constant pressure specific heat of the exhaust gases is taken to be c, = 1.045 kJ/kg-°C (Table A-2). The inlet 
and exit enthalpies of water are (Tables A-4 and A-5) 


Twin =15°C 
i -phyin = 62.98 kJ/kg 
x =0(sat.liq.)} Exh. gas Q 
P, ou = 2 MPa 400°C 
i hy, out = 2798.3 kJ/kg 
xX=1(sat.vap.)} Heat 


exchanger 


Analysis We take the entire heat exchanger as the system, which 
is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 


2 MPa Water 


sat. vap. 15°C 
Mass balance (for each fluid stream): 


70 (steady) 


Min — Mout = AMgy stem =0 > M =m 


out 


Energy balance (for the entire heat exchanger): 


z à = i 70 (steady) = 

Ein i E out = AE ,ystem =0 

— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein z Eou 
MoxtMexh in + My hyin = Mex exh, out + MN ot + Qout (since W = Ake = Ape = 0) 
or MoxhC plexh,in a Myhy in = Mexh€ plexh,out + My hy, out + Qout 


Noting that the mass flow rate of exhaust gases is 15 times that of the water, substituting gives 


15m „ (1.045 kI/kg.°C)(400°C) + m „ (62.98 kJ/kg) 


; 1 
=15m (1.045 kJ/kg.°C)Texn out + My (2798.3 kJ/kg) + Qout z 
The heat given up by the exhaust gases and heat picked up by the water are 
Qexh = MexhC p (Terhin ~ + exh,out ) = I5my a .045 kJ/kg.°C)(400 z Texh,out yc (2) 
Q, = My (Ay out — Pw,in ) = Mw (2798.3 — 62.98)kJ/kg (3) 


The heat loss is 


Qon = fheat loss Qexh =0.1Qexh (4) 


The solution may be obtained by a trial-error approach. Or, solving the above equations simultaneously using EES 
software, we obtain 


T, 


exh,out 


=206.1°C, Q„ =97.26 KW, m, =0.03556 kg/s, men = 0.5333 kg/s 
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5-91 A chilled-water heat-exchange unit is designed to cool air by water. The maximum water outlet temperature is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 


Properties The gas constant of air is 0.287 kPa.m*/kg.K (Table A-1). The constant pressure specific heat of air at room 
temperature is Cp = 1.005 kJ/kg-°C (Table A-2a). The specific heat of water is 4.18 kJ/kg-K (Table A-3). 


Analysis The water temperature at the heat exchanger exit will be maximum when all the heat released by the air is picked 
up by the water. First, the inlet specific volume and the mass flow rate of air are 


RT, .287 kPa-m?/kg-K)(303 K 
hs EES IO 2G eeoGae ke 
P, 100 kPa 
V, 3y 
hs ™ 8 __5 750 kg/s 
vi 0.8696 m3/kg 


We take the entire heat exchanger as the system, which is a control volume. The mass and energy balances for this steady- 
flow system can be expressed in the rate form as 


Mass balance ( for each fluid stream): 


m = Am 70 (steady) 


system 


in 7 Nout =0 > Min = Mout >m, =m; =m, and m, =m, = my 


Energy balance (for the entire heat exchanger): 


: : a ` 70 (steady) = 
E in E out ia AE system =0 
ee 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


rh, +h, =rh3h, +h} (since Q =W = Ake = Ape = 0) 


Combining the two, 
ma (h, —h;)= my, (hy —hy) 
MaC p,a (T -T;) = My Co w(T4 -T,) 
Solving for the exit temperature of water, 


P MaC p,a (Tı T3) _ T (5.750 kg/s)(1.005 kJ/kg -°C)(30 —18)°C 
TC p, (2 kg/s)(4.18 kJ/kg -°C) 


=16.3°C 
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5-92 Refrigerant-134a is condensed in a condenser by cooling water. The rate of heat transfer to the water and the mass 
flow rate of water are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions between the condenser and the surroundings. 


Analysis We take the condenser as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


4 7 _ : 70 (steady) x 4 
E -Et St AE Ad. =0 Water, m,, 
SS EEE 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 
Mph, +m,,h; = Meh, +m,hy 2 


Refrigerant, Mp 


Mp(h, — hy) =m,,(hy — h3) = myc, (T4 - T3) 


If we take the refrigerant as the system, the energy balance can be written as 


= i = : 70 (steady) = 
Ein = Fi a AE system =0 
aoM ns 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


Mah = mgh + Qout 
Qout = Mp (hy E hy) 
(a) The properties of refrigerant at the inlet and exit states of the condenser are (from Tables A-11 through A-13) 


P, =1200kPa 


h, = 316.73 kJ/kg 
T, =85°C 


one hy =h 108.26 KJ/k 
T, = T sat @ 1200 kPa ~ ATubcoo! = 46.3 — 6.3 = 40°C Em N OAE E l $ 
The rate of heat rejected to the water is 

Qout = Mp (h; — hy) = (0.042 kg/s)(316.73 — 108.26)kJ/kg = 8.76 kW = 525 kJ/min 
(b) The mass flow rate of water can be determined from the energy balance on the condenser: 

Qout =y ATs 
8.76 kW = m,, (4.18 kJ/kg -°C)(12°C) 
m, = 0.175 kg/s =10.5 kg/min 


The specific heat of water is taken as 4.18 kJ/kg-°C (Table A-3). 
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5-93 Refrigerant-22 is evaporated in an evaporator by air. The rate of heat transfer from the air and the temperature change 
of air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions between the evaporator and the surroundings. 


Analysis We take the condenser as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 
En = Eout m AE 70 (steady) =0 


system Air, m W 


SV Se 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = E out 
mph; F mah, =Meph, + mah, 
Mp (hy — hy )= mM (hs —hy)=m_c,AT, 


Refrigerant, Mp 


If we take the refrigerant as the system, the energy balance can 
be written as 


x _ z 70 (steady) 7 
Ein rs E out T AE system =0 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = È out 
tigh + Qin =gh, 
Qin =Mp(hy — h) 
(a) The mass flow rate of the refrigerant is 


V, _ (2.25/3600) m?/s 
vı 0.0253 m3/kg 


Mpg = = 0.02472 kg/s 


The rate of heat absorbed from the air is 
Qn =Mp(hy —h,) = (0.02472 kg/s)(398.0 — 220.2)kJ/kg = 4.39 kW 
(b) The temperature change of air can be determined from an energy balance on the evaporator: 


Q; =Mp(h3 —h,)= MaC p (Tay -Ta2) 
4.39 kW = (0.5 kg/s)(1.005 kJ/kg -°C)AT, 
AT, =8.7°C 


The specific heat of air is taken as 1.005 kJ/kg-°C (Table A-2). 
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5-94 Two mass streams of the same idela gas are mixed in a mixing chamber. Heat is transferred to the chamber. Three 
expressions as functions of other parameters are to be obtained. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Analysis (a) We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


: - _ : 70 (steady) _ 
Ein rs Fut AE system =0 
Rate of net energy transfer Rate of change in internal, kinetic, Q 
by heat, work, and mass potential, etc. energies 
‘ . Cold gas 
E in 7 E out 
mh; + mh, + Qin = mhz © 
oO 

From a mass balance, @) 


m, =m +m, Hot gas 


Since h=c T, 
Then 

mc pTi -+ MC pT +Qin = m3C T3 
T; aig RETA piln 


m3 m3 M3C p 


(b) Expression for volume flow rate: 


RT. 
V; = mv =m; — 
3 343 3 P, 
m, R| m m 
V; = 2 T+ T+ Qin 
P, | m, m, m3C , 
gs , mR q ROn 
P, P, Pc, 
; -RQ 
V; =V, +0, + 82n 
Pc, 


(c) If the process is adiabatic, then 


V,=V, +0, 
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Pipe and duct Flow 


5-95 Heat is supplied to the argon as it flows in a heater. The exit temperature of argon and the volume flow rate at the exit 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties The gas constant of argon is 0.2081 kPa.m*/kg.K. The constant pressure specific heat of air at room temperature 
is Cp = 0.5203 kJ/kg-°C (Table A-2a). 


Analysis (a) We take the pipe(heater) in which the argon is heated as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


> > = 2 AO (steady) = 
E i E out ae AE system =0 
nn 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Qin 


En = É out 
100 kPa, 300 K Argon 100 kPa 


ry + Qin = Thy 6.24 kg/s Aen 


Qin =m(h, —h,) 
Qin =mc, (T, -T,) 


Substituting and solving for the exit temperature, 


Qn 150 kW 


mc, (6.24 kg/s)(0.5203 kJ/kg - K) 


= 346.2 K =73.2°C 


(b) The exit specific volume and the volume flow rate are 


RT, _ (0.2081 kPa - m*/kg - K)(346.2 K) 
? Bo 100 kPa 
V, =mv, =(6.24kg/s)(0.8266 m?/kg) = 4.50 mĉ Is 


v, = =0.7204 m*/kg 
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5-96 Saturated liquid water is heated in a steam boiler at a specified rate. The rate of heat transfer in the boiler is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Analysis We take the pipe in which the water is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


: i _ Ż 70 (steady) = 
Ein F E out = AE system =0 
ainn +-S Se Qin 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
È -È 2 MPa, sat. liq. Water 2 MPa 
in out 


: 4 kg/s ——> 250°C 
mh, +Q;, = mh, 


Qin =m(h, —h,) 
The enthalpies of water at the inlet and exit of the boiler are (Table A-5, A-6). 


P, =2MP 
l 2 la = hy @zmpa =908.47 kJ/kg 
x=0 
P, =2 MPa 
h, = 2903.3 kJ/kg 
T, =250°C 
Substituting, 


Qin = (4 kg/s)(2903.3 — 908.47)kJ/kg = 7980 kW 


5-97E Saturated liquid water is heated in a steam boiler. The heat transfer per unit mass is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Analysis We take the pipe in which the water is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


: š x í 70 (steady) _ 
Ein a E out = AE system =0 
iya 
Rate of net energy transfer Rate of change in internal, kinetic, ; 
by heat, work, and mass potential, etc. energies din 
E in 7 E out : ; 
: : ; 500 psia, Water 500 psia 
mh, +Qin = mh, sat. liq. —— 600°F 
Qin = m(hy — hy) 
qin = hy —hy 


The enthalpies of water at the inlet and exit of the boiler are (Table A-5E, A-6E). 


P, = 500 psia 
ss þa = h f @soopsia = 449-51 Btu/lbm 
P, = 500 psi 
25>% PSA Uh, =1298.6 Btu/lbm 
T, = 600°F 
Substituting, 


qin = 1298.6 - 449.51 = 849.1 Btullbm 
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5-98 Air at a specified rate is heated by an electrical heater. The current is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the air is negligible. 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The constant pressure specific heat of air at room 
temperature is Cp = 1.005 kJ/kg-°C (Table A-2a). 


Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


~ - _ ~ 70 (steady) _ 
Ein ~ E out = AE system =0 
er 
Rate of net energy transfer Rate of change in internal, kinetic, W.. 
by heat, work, and mass potential, etc. energies Kos 
E in — E out S $ 3 
; ‘ : 100 kPa, 15°C Air 100 kPa 
mh +Wein = mh, 0.3 m’/s —> 30°C 
Wein = m(h, = hy) 


VI = mc, (T> -T;) 
The inlet specific volume and the mass flow rate of air are 


RT, _ (0.287 kPa-m*/kg -K)(288 K) 

P, 100 kPa 

v 03 m?/s 
vi 0.8266 m3/kg 


= 0.8266 m°?/kg 


U= 


= 0.3629 kg/s 


Substituting into the energy balance equation and solving for the current gives 


Jz mc , (T, -T,) _ (0.3629 kg/s)(1.005 kJ/kg -K)(30 -15)K (m VI 


= 49.7 Amperes 
V 110V 1kJ/s 
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5-99E The cooling fan of a computer draws air, which is heated in the computer by absorbing the heat of PC circuits. The 
electrical power dissipated by the circuits is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 All the heat dissipated by the circuits are picked up by the air drawn by the fan. 


Properties The gas constant of air is 0.3704 psia-ft’/Ibm-R (Table A-1E). The constant pressure specific heat of air at room 
temperature is Cp = 0.240 Btu/Ibm-°F (Table A-2Ea). 


Analysis We take the pipe in which the air is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


70 (steady) 


Ein E E out = AE system =0 
te x 
Rate of net energy transfer Rate of change in internal, kinetic, W. 
by heat, work, and mass potential, etc. energies ein 
E in 7 E out 
rah, +W, in = mh, 14.7 psia, 70°F Air 14.7 psia 
. l 0.5 ft/s —_ 80°F 
Wain T m(h, 7 h) 
Wain = mC p T Ji T,) 


The inlet specific volume and the mass flow rate of air are 


RT, _ (0.3704 psia- ft*/Ibm-R)(530R) _ ere 


vi = = 
P, 14.7 psia 
V, 5 
a : /S _ 0.03745 Ibm/s 
Vi 13.35 ft?/lbm 
Substituting, 
! 1kW 
W, ou = (0.03745 lbm/s)(0.240 Btu/Ibm- R)(80 — 70)Btu/Ibm| —————-_ |=0.0948 kw 
i 0.94782 Btu/s 
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5-100 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air flow rate of the 
fan and the diameter of the casing are to be determined. 


Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant specific heats. 3 
Kinetic and potential energy changes are negligible. 


Properties The specific heat of air at the average temperature of Tag = (45+60)/2 = 52.5°C = 325.5 K is c, = 1.0065 
kJ/kg.°C. The gas constant for air is R = 0.287 kJ/kg.K (Table A-2). 


Analysis The fan selected must be able to meet the cooling requirements of the computer at worst conditions. Therefore, we 
assume air to enter the computer at 66.63 kPa and 45°C, and leave at 60°C. 


We take the air space in the computer as the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


: $ E à 70 (steady) _ 
Ein T Eont z AE system =0 
uU—-—“’ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


Qn +mh = mh, (since Ake = Ape = 0) 


Qin = mc, (h -T,) 


Then the required mass flow rate of air to absorb heat at a rate of 60 W is 
determined to be 


> 
Q 7 60 W 
c (Tout Tn) (1006.5 J/kg.°C)(60- 45)°C 


Q= MC, (Toy Tn) >= = 0.00397 kg/s = 0.238 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 


OP 66.63 kPa 
RT (0.287 kPa.m?/kg.K)(60 +273)K 
_m _ 0.238 kg/min 
P 0.6972 kg/m? 


= 0.6972 kg/m? 


p 


= 0.341mĉ/min 


For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from 


2 j 3 š 
v-v- VoD= IAW = 0s) 966m 6aen 
4 aV z(110 m/min) 
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5-101 A desktop computer is to be cooled safely by a fan in hot environments and high elevations. The air flow rate of the 
fan and the diameter of the casing are to be determined. 


Assumptions 1 Steady operation under worst conditions is considered. 2 Air is an ideal gas with constant specific heats. 3 
Kinetic and potential energy changes are negligible. 


Properties The specific heat of air at the average temperature of Tave = (45+60)/2 = 52.5°C is cp = 1.0065 kJ/kg.°C The gas 
constant for air is R = 0.287 kJ/kg.K (Table A-2). 


Analysis The fan selected must be able to meet the cooling requirements of the computer at worst conditions. Therefore, we 
assume air to enter the computer at 66.63 kPa and 45°C, and leave at 60°C. 


We take the air space in the computer as the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


j i E - AO (steady) = 
Ein ~ Eou = AE system =0 
ue,“ 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Ein = Eont 


Qn +mh, = mh, (since Ake = Ape = 0) 
Qin z mc, (T -T,) 


Then the required mass flow rate of air to absorb heat at a rate of 100 W is 
determined to be 


Q a mcp (Tout ~ Tin) 
Q 7 100 W 
T.) (1006.5 J/kg.°C)(60-45)°C 


in 


ce, (T, 


out 


= 0.006624 kg/s = 0.397 kg/min 


The density of air entering the fan at the exit and its volume flow rate are 


Pon OO era ton 


P = —— = 
RT (0.287 kPa.m?/kg.K)(60 + 273)K 
att kee ee tala = 0.57 mĉ/min 
P 0.6972 kg/m 


For an average exit velocity of 110 m/min, the diameter of the casing of the fan is determined from 


2 y 3 : 
aD ae - [est Le oe 


V=AV= V - 
4 aV z(110 m/min) 
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5-102E Electronic devices mounted on a cold plate are cooled by water. The amount of heat generated by the electronic 
devices is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 About 15 percent of the heat generated is dissipated from the 
components to the surroundings by convection and radiation. 3 Kinetic and potential energy changes are negligible. 
Properties The properties of water at room temperature are p= 62.1 Ibm/ft* and Cp = 1.00 Btu/Ibm.°F (Table A-3E). 
Analysis We take the tubes of the cold plate to be the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


Ein ~ ae = AE ees Cm =0 Cold plate Water 


— a OEO . 
Rate of net energy transfer Rate of change in internal, kinetic, inlet 
by heat, work, and mass potential, etc. energies 
1 


En = Eont 
Qj, + 1h, = mh, (since Ake = Ape = 0) 


ere GD) . 


Then mass flow rate of water and the rate of heat removal by the 
water are determined to be 


2 
a (40 ft/min) = 0.8483 Ibm/min = 50.9 Ibm/h 


2 
r= pAV = pv = (62.1 1bm/ft? ) 
Q= MC p (Tout — Tin ) = (50.9 Ibm/h)(1.00 Btu/Ibm.°F)(105 — 70)°F = 1781 Btu/h 
which is 85 percent of the heat generated by the electronic devices. Then the total amount of heat generated by the 


electronic devices becomes 


o= 1781 Btw/h _ 5096 Btuh = 614 W 


0.85 
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5-103 D The components of an electronic device located in a horizontal duct of rectangular cross section are cooled by 
forced air. The heat transfer from the outer surfaces of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 


Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-1). The specific heat of air at room temperature is Cp = 
1.005 kJ/kg.°C (Table A-2). 


Analysis The density of air entering the duct and the mass flow rate are 
P 101.325 kPa 

PORT (0.287 kPa.m?/kg.K)(30 +273)K 

rù = pV = (1.165 kg/m?)(0.6 m? / min) = 0.700 kg/min 


40°C 


=1.165 kg/m? 


We take the channel, excluding the electronic components, to be 


the system, which is a control volume. The energy balance for Äit 
this steady-flow system can be expressed in the rate form as 30°C 
: : AO (stead 0.6 m?/min, 
Ein — E out = AE system an =0 a 


— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin + rh, = rh, (since Ake = Ape = 0) 
Qin = hc, —T)) 
Then the rate of heat transfer to the air passing through the duct becomes 
Quit = [mc p (Tout — Tin air = (0.700/ 60 kg/s)(1 005 kJ/kg.°C)(40 — 30)°C = 0.117 kW = 117 W 


The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 


extemal = Orotat = internal =180-117 =63 W 
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5-78 


5-104 The components of an electronic device located in a horizontal duct of circular cross section is cooled by forced air. 
The heat transfer from the outer surfaces of the duct is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible 


Properties The gas constant of air is R = 0.287 kJ/kg.°C (Table A-1). The specific heat of air at room temperature is Cp = 
1.005 kJ/kg.°C (Table A-2). 


Analysis The density of air entering the duct and the mass flow rate are 
P 101.325 kPa 

RT (0.287 kPa.m?/kg.K)(30+273)K 

m= pV = (1.165 kg/m?)(0.6 m° / min) = 0.700 kg/min 


=1.165 kg/m? 


We take the channel, excluding the electronic components, to be the system, which is a control volume. The energy balance 
for this steady-flow system can be expressed in the rate form as 


é 5 = : 70 (steady) _ 
Ein ~ E out = AE system =0 
Rate of net energy transfer Rate of change in internal, kinetic, 1 2 
by heat, work, and mass potential, etc. energies Air 
: : i 
Ein = Eout 30°C 
., + mh, =mh, (since Ake = Ape = 0 
Qin 1 2 ( p ) 0.6 m/s 


Qn = me ,(T, -T,) 
Then the rate of heat transfer to the air passing through the duct becomes 


Quir = [rhc p (Tout — Tin lair = (0-700 / 60 kg/s)(1.005 kI/kg.°C)(40— 30)°C = 0.117 kW = 117 W 


The rest of the 180 W heat generated must be dissipated through the outer surfaces of the duct by natural convection and 
radiation, 


O isni = Oem = Orcs =180-117=63 W 
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5-105 Air enters a hollow-core printed circuit board. The exit temperature of the air is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
The local atmospheric pressure is 1 atm. 4 Kinetic and potential energy changes are negligible. 


Properties The gas constant of air is R = 0.287 


kJ/kg.°C (Table A-1). The specific heat of air at room 1 
temperature is c, = 1.005 kJ/kg.°C (Table A-2). Air 
Analysis The density of air entering the duct and 25°C 
the mass flow rate are 0.8 L/s 
5 P 101.325 kPa -1.185 kg/m? 


RT (0.287 kPa.m*/kg.K)(25 + 273)K 
t= pV = (1.185 kg/m°)(0.0008 m? /s) = 0.0009477 kg/s 


We take the hollow core to be the system, which is a control volume. The energy balance for this steady-flow system can be 
expressed in the rate form as 


z : = : 70 (steady) = 
Ein = Fut = AE system =0 
— ——S —— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 


Qa + mh, = mh, (since Ake = Ape = 0) 
Qin = me, (T, -T,) 
Then the exit temperature of air leaving the hollow core becomes 


Qin =the, (T, -T,) >T, =T, + Qin L 250C4+ pedis = 46.0°C 
ic, (0.0009477 kg/s)(1005 J/kg.°C) 
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5-80 
5-106 A computer is cooled by a fan blowing air through the case of the computer. The required flow rate of the air and the 
fraction of the temperature rise of air that is due to heat generated by the fan are to be determined. 


Assumptions 1 Steady flow conditions exist. 2 Air is an ideal gas with constant specific heats. 3 The pressure of air is 1 
atm. 4 Kinetic and potential energy changes are negligible 


Properties The specific heat of air at room temperature is cp = 1.005 kJ/kg.°C (Table A-2). 


Analysis (a) We take the air space in the computer as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


: Í _ z 70 (steady) Aa 
Ein ~ Fut = AE;ystem =0 
—rn 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein in — Eout 


Qn + nt sa mh, (since Ake = Ape = 0) 
On + Win = = mc, (Ty -T)) 


) aera 


Noting that the fan power is 25 W and the 8 PCBs transfer a total of 80 
W of heat to air, the mass flow rate of air is determined to be 
Qin t+W _ (8x10) W+25W 


= 0.0104kg/s 
c,(T,-T,) (1005 Jkg.°C)(10°C) 


Qh + Win = Me, (Te T;) >m= 


(b) The fraction of temperature rise of air that is due to the heat generated by the fan and its motor can be determined from 


Q 25W 


Q=mc,AT > AT =~ =2.4°C 
mc, (0.0104 kg/s)(1005 J/kg.°C) 
f= 24 _ 9.24 = 24% 
10°C 
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5-81 


5-107 Hot water enters a pipe whose outer surface is exposed to cold air in a basement. The rate of heat loss from the water 
is to be determined. 


Assumptions 1 Steady flow conditions exist. 2 Water is an incompressible substance with constant specific heats. 3 The 
changes in kinetic and potential energies are negligible. 


Properties The properties of water at the average temperature of (90+88)/2 = 89°C are p = 965 kg/m? and c, = 4.21 
kJ/kg.°C (Table A-3). 


Analysis The mass flow rate of water is 


: 0.025 m)? 
rh = pAV = (965 kgm) ZC (0.6 m/s) = 0.2842 kg/s 
We take the section of the pipe in the basement to be the Q 
system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 1 2 
a Water 
: A : i 
Ein — Eout = AE ;ystem Neo =0 
— — o o 
Rate of net energy transfer Rate of change in internal, kinetic, 90°C 88°C 
by heat, work, and mass potential, etc. energies 0.6 m/s 


En =E 


out 
mh, = Q + mh, (since Ake = Ape = 0) 
Quut = me, (T, -T,) 
Then the rate of heat transfer from the hot water to the surrounding air becomes 


Qon = MC [Tin — Tour water = (0.2842 kg/s)(4.21 kI/kg.°C)(90 — 88)°C = 2.39 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


EES 
5-108 Problem 5-107 is reconsidered. The effect of the inner pipe diameter on the rate of heat loss as the pipe 
diameter varies from 1.5 cm to 7.5 cm is to be investigated. The rate of heat loss is to be plotted against the diameter. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

D = 0.025 [m] 

rho = 965 [kg/m*3] 
Vel = 0.6 [m/s] 
T_1=90 [C] 

T_2 = 88 [C] 

c_p = 4.21 [kJ/kg-C] 


"Analysis:" 

"The mass flow rate of water is:" 
Area = pi*D*2/4 

m_dot = rho*Area*Vel 


"We take the section of the pipe in the basement to be the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as" 

E_dot_in - E_dot_out = DELTAE_dot_sys 

DELTAE_dot_sys = 0 "Steady-flow assumption" 

E_dot_in = m_dot*h_in 

E_dot_out =Q_dot_out+m_dot*h_out 

h_in=c_p*T_1 

h_out=c_p*T_2 


D Qout 2 
[m] [kW] F 
0.015 1.149 25 
0.025 3.191 
0.035 6.254 
0.045 10.34 20 
0.055 15.44 = | 
0.065 21.57 5 
0.075 28.72 z 
o 
© 10 
5 
0 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 


D [m] 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


5-83 


5-109 A room is to be heated by an electric resistance heater placed in a duct in the room. The power rating of the electric 
heater and the temperature rise of air as it passes through the heater are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats at room temperature. 3 
Kinetic and potential energy changes are negligible. 4 The heating duct is adiabatic, and thus heat transfer through it is 
negligible. 5 No air leaks in and out of the room. 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The specific heats of air at room temperature are Cp = 
1.005 and cy= 0.718 kJ/kg-K (Table A-2). 


Analysis (a) The total mass of air in the room is 


200 kJ/min 
V =5x6x8 m? =240 m? 


OPV (98 kPa)(240 m°) 


m 
RT, (0.287 kPa -m?/kg -K)(288 K) 


= 284.6 kg 


We first take the entire room as our system, which is a closed system 
since no mass leaks in or out. The power rating of the electric heater is 
determined by applying the conservation of energy relation to this 200 W 
constant volume closed system: 


Ein E Eout AE system 
tm 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


W, 


e 


in + Wanin ~ Qou = AU (since AKE = APE = 0) 


AtlW, in + Weanin Qout ) = MCy avg (T, = T,) 
Solving for the electrical work input gives 


We in = Qout —Wean in +mc, (T, Re T,)/ At 
= (200/60 kJ/s) — (0.2 kJ/s) + (284.6 kg)(0.718 kJ/kg° C)(25 —15)°C/(15x 60 s) 


=5.40 kw 


(b) We now take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m, = m, = m . The energy balance for this adiabatic steady-flow system can be expressed in 


the rate form as 


: : : AO (stead: 
Ein — Eout = AE system Gai =0 
A 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 
W, in +Wanin + mh = mh, (since Q = Ake = Ape = 0) 
Wein + Wenn in = m(h, —h,) = mc, (T, -T,) 
Thus, 
Wein + Wean i 5.40 + 0.2) kJ/ ; 
AT = T, =T, = ein i fanin _ ( ) S _ 6.7 C 
mc, (50/60 kg/s {1.005 kJ/kg -K ) 
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5-84 
5-110E Water is heated in a parabolic solar collector. The required length of parabolic collector is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat loss from the tube is negligible so that the entire solar energy 
incident on the tube is transferred to the water. 3 Kinetic and potential energy changes are negligible 


Properties The specific heat of water at room temperature is c, = 1.00 Btu/Ibm.°F (Table A-3E). 


Analysis We take the thin aluminum tube to be the system, which is a control volume. The energy balance for this steady- 
flow system can be expressed in the rate form as 


: : : 70 (steady) K 
Ein -E out AE system =0 
Ne 
Rate of net energy transfer Rate of change in internal, kinetic, 1 2 
by heat, work, and mass potential, etc. energies Water 
-g B 
Ein =E out o 
55°F 180°F 


Qn + mh, = mh, (since Ake = Ape = 0) 
Q, = MwaterCp (T, = T) 


4 Ibm/s 


Then the total rate of heat transfer to the water flowing through the tube becomes 
Qhotal = mc ,(T, —T;) = (4 lbm/s)(1.00 Btu/Ibm.°F)(180 —55)°F = 500 Btu/s = 1,800,000 Btu/h 
The length of the tube required is 


L= Qrotat = 1,800,000 Btu/h = 4500 ft 
Q 400 Btu/h.ft 


5-111 A house is heated by an electric resistance heater placed in a duct. The power rating of the electric heater is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Air is an ideal gas with constant specific 
heats at room temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The constant pressure specific heat of air at room temperature is c, = 1.005 kJ/kg:K (Table A-2) 


Analysis We take the heating duct as the system, which is a control volume since mass crosses the boundary. There is only 
one inlet and one exit, and thus m, = m, = m . The energy balance for this steady-flow system can be expressed in the rate 


form as 
Z i : 70 (steady) = 
Ein = E out = AE system =0 
— ee 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 300 W 
Ein = Eout 
$ $ 3 =: $ . 7 k W. 
Wein + Wen in + mh, = Qut + mh, (since Ake = Ape = 0) 1 
Wein + Won in =i Qout + m(h, z h) = Qout + mc), T, = T) 
300 W 


Substituting, the power rating of the heating element is determined to be 


W.. = Qo, +MC,AT -Wa = (0.3 KJ/s) + (0.6 kg/s)(1.005 kJ/kg -°C)(7°C) -0.3 kW = 4.22 kW 
e,in out p fan,in 
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5-85 


5-112 Steam pipes pass through an unheated area, and the temperature of steam drops as a result of heat losses. The mass 


flow rate of steam and the rate of heat loss from are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 


negligible. 4 There are no work interactions involved. 


Properties From the steam tables (Table A-6), 


2 MPa 


P, =2 MPa | v, = 0.12551 m?/kg 
h; =3024.2 kJ/kg 300°C 


T, =300°C 
P, =800 kPa 


h, = 2950.4 kJ/kg 
T, =250°C 


Analysis (a) The mass flow rate of steam is determined directly from 


we l 
m= AV, = 3 
v 0.12551 m°/kg 


[-(0.06 m} b m/s)=0.270 kgls 


STEAM 800 kPa 
250°C 


(b) We take the steam pipe as the system, which is a control volume since mass crosses the boundary. There is only one 
inlet and one exit, and thus m, = m, =m. The energy balance for this steady-flow system can be expressed in the rate form 


as 
‘ : = 70 (steady) _ 
Ein = E out AE system =0 
UY 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = Éout 
mah, = Qu +mh, (since W = Ake = Ape = 0) 
Qout = (h — hy) 

Substituting, the rate of heat loss is determined to be 


Qhoss = (0.270 kg/s)(3024.2 — 2950.4) kJ/kg = 19.9 kJ/s 
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5-113 Steam flows through a non-constant cross-section pipe. The inlet and exit velocities of the steam are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Analysis We take the pipe as the system, which 

is a control volume since mass crosses the a 
boundary. The mass and energy balances for this D; D, 
steady-flow system can be expressed in the rate 200 kPa 150 kPa 
form as 200°C 150°C 


V. 
Mass balance: a 2 


z . ae 70 (steady) _ 
Min — Mout = Aes sien =0 


2 2 
: 3 Vo, mD; V, _ 7D; V 
Min Mout > A A > 
4 v 4 v 
v vi 1 2 
Energy balance: 
: 7 = - AO (steady) = 
Ein = Eout =, AE scien =0 
SS SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein z Eut 


v? Vy er 
hrs hac (since Q =W = Ake = Ape = 0) 


The properties of steam at the inlet and exit are (Table A-6) 


P, = 200 kPa |v, = 1.0805 m*/kg 
T, =200°C |h, = 2870.7 kJ/kg 


P, =150 kPa |v, =1.2855 m*/kg 
T, =150°C |h, =2772.9 kJ/kg 


Assuming inlet diameter to be 1.8 m and the exit diameter to be 1.0 m, and substituting, 


z(1.8 m)? V; _ z(1.0m)? V, a) 
4 (1.0805 m?/kg) 4 (1.2855 m3/kg) 
2 2 
2870.7 unes {eg —_ z] -2729 ones Hò Ee a z) (2) 
2 (1000 m*/s 2 \1000 m*/s 


There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an equation solver such as 
EES, the velocities are determined to be 


V, = 118.8 m/s 
V, = 458.0 m/s 
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5-87 
5-114 R-134a is condensed in a condenser. The heat transfer per unit mass is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Analysis We take the pipe in which R-134a is condensed as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


: : = = 70 (steady) _ 
Ein ~ E out 5 AE system =0 
rE AS = oe 
Rate of net energy transfer Rate of change in internal, kinetic, out 
by heat, work, and mass potential, etc. energies 
Ein = Eon 900 kPa R134a 900 kPa 
A i : o — i 
mh, = mhs +Oon 60°C sat. liq. 
Qour = m(hy — hy) 
aout = hy z hy 


The enthalpies of R-134a at the inlet and exit of the condenser are (Table A-12, A-13). 


P, =900 kPa 
h; = 295.13 kJ/kg 
T, = 60°C 
P, =900 kPa 
a hn =h f @oookpa = 101.61 kJ/kg 
Substituting, 


out = 295.13 — 101.61 =193.5 kJ/kg 


5-115 Water is heated at constant pressure so that it changes a state from saturated liquid to saturated vapor. The heat 
transfer per unit mass is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


: 8 ; AO (stead 
Ein 7 E out = AE system e =0 
IA ~ —————— din 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies — 
En = Eout 800 kPa Water 800 kPa 
a Sat. Liq. — t. vap. 
mh, +Q;, = mh, E e 
Qin = M(hy -h;) 
din = hy — hy =hý 
where h fg @800 kPa = 2047.5 kJ/kg (Table A-5) 
Thus, 


qin = 2047.5 kJIkg 
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5-88 


5-116 Electrical work is supplied to the air as it flows in a hair dryer. The mass flow rate of air and the volume flow rate at 
the exit are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the dryer is negligible. 


Properties The gas constant of argon is 0.287 kPa.m*/kg.K. The constant pressure specific heat of air at room temperature 
is Cp = 1.005 kJ/kg-°C (Table A-2a). 


Analysis (a) We take the pipe as the system, which is a control volume. The energy balance for this steady-flow system can 
be expressed in the rate form as 


= > = > 70 (steady) _ 
En — Ea a AE system Fi 0 ee 
— 
Rate of net energy transfer Rate of change in internal, kinetic, £ 
by heat, work, and mass potential, etc. energies Tə = 80°C P; = 100 kPa 
: È V,=21 m/s T: =300K 
E in 7 E out < 
2 2 
ee Ve a E vj 
m| h +— |+W,, = m| h, +— 
1 2 in 2 2 


W, = 1500 W 


= v? -Vř 
Win =m c, (Tp -m i] 


m= Win 
v? Ve 
c,(T, -T,)+ 
a 1.50kW 
21 m/s)? — 1 kJ/k 
(1.005 kJ/kg -K)(353-300)K + 21ms) —0 | J s ) 
2 1000 m“/s 
= 0.0280 kg/s 
(b) The exit specific volume and the volume flow rate are 
3 
cae RT, _ (0.287 kPa- m*/kg - K)(353 K) -1.013 m2/kg 


RP, 100 kPa 
V, =mv, = (0.02793 kg/s)(1.013 m°?/kg) = 0.0284 mĉIs 
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5-89 


EES 
5-117 Problem 5-116 is reconsidered. The effect of the exit velocity on the mass flow rate and the exit volume flow 
rate is to be investiagted. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T1=300 [K] 

P=100 [kPa] 

Vel_1=0 [m/s] 
W_dot_e_in=1.5 [kW] 
T2=(80+273) [K] 
Vel_2=21 [m/s] 
"Properties" 
c_p=1.005 [kJ/kg-K] 
R=0.287 [kJ/kg-K] 
"Analysis" 
W_dot_e_in=m_dot*c_p*(T2-T1)+m_dot*(Vel_2^2-Vel_1^2)*Convert(m^2/s^2,kJ/kg) "energy balance on hair 
dryer" 

v2=(R*T2)/P 
Vol_dot_2=m_dot*v2 


Vel, m Vol, 0.02015 I 
[m/s] [kg/s] | [m/s] özer 
5 0.02815 | 0.02852 | 
7.5 0.02813 | 0.0285 D0280E 
10 0.02811 | 0.02848 a | 
12.5 0.02808 | 0.02845 2 Hose 
5D 0. 
15 0.02804 | 0.02841 x. | 
17.5 0.028 0.02837 E 0.02795 
20 0.02795 | 0.02832 
23.5 0.0279 | 0.02826 0.0279 
25 0.02783 | 0.0282 
0.02785 
0.0278 — ee ee ee 4 
5 9 13 17 21 
Vel. [m/s] 
0.02855 
0.0285 | 
0.02845 | 
2 0.0284 | 
E, L 
0.02835 
N 
ar) t 
> 0.0283 
0.02825 | 
0.0282 | 
0.02815 | E E ee ee 
5 9 13 17 21 25 
Vel, [m/s] 
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5-90 


Charging and Discharging Processes 


5-118 An insulated rigid tank is evacuated. A valve is opened, and air is allowed to fill the tank until mechanical 
equilibrium is established. The final temperature in the tank is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
device is adiabatic and thus heat transfer is negligible. 


Properties The specific heat ratio for air at room temperature is k = 1.4 (Table A-2). 


Analysis We take the tank as the system, which is a control volume since mass crosses 
the boundary. Noting that the microscopic energies of flowing and nonflowing fluids 
are represented by enthalpy h and internal energy u, respectively, the mass and energy 


balances for this uniform-flow system can be expressed as initially 


evacuated 
Mass balance: 


Min — Mout = AM,ystem > m=m (since Mout = Minitial = 0) 


Energy balance: 


Ein Ce Bou = AE 


system 
—— —— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; = M Uy (since Q = Ww = Bout = Evnitial = ke z= pe z= 0) 
Combining the two balances: 


u, =h; >c, 1p =C T; >T, = (0,3 Cy), = KT, 


Substituting, 
T, =1.4x290 K = 406 K = 133°C 
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5-91 
5-119 Helium flows from a supply line to an initially evacuated tank. The flow work of the helium in the supply line and 
the final temperature of the helium in the tank are to be determined. 
Properties The properties of helium are R = 2.0769 kJ/kg.K, cp = 5.1926 kJ/kg.K, cy= 3.1156 kJ/kg.K (Table A-2a). 


Analysis The flow work is determined from its definition but we first determine 
the specific volume 
o RTiine _ (2.0769 kJ/kg.K)(120 + 273 K) 
P (200 kPa) 


Helium o 
= 4.0811 m?/kg —-»> 200 kPa, 120°C 


Whow = Pv = (200 kPa)(4.0811 m?/kg) = 816.2 kJ/kg 


Noting that the flow work in the supply line is converted to sensible internal Initially 
energy in the tank, the final helium temperature in the tank is determined as evacuated 
follows 

U tank = hiinc 


hine = € pTiine = (5.1926 kJ/kg.K)(120 +273 K) = 2040.7 kJ/kg 
U tank = CyT tank ——> 2040.7 kJ/kg = (3.1156 kJ/kg.K)T ax ——> Tank = 655.0 K 


Alternative Solution: Noting the definition of specific heat ratio, the final temperature in the tank can also be determined 
from 


Tonk = kTins = 1.667(120 + 273 K) = 655.1K 


which is practically the same result. 
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5-92 


5-120 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established is to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
variable specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
direction of heat transfer is to the air in the bottle (will be verified). 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). 


Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


M, = Am 


Min — Mout system 


> m=m, (Sincem yy = Mpitiaa = 9) 


Energy balance: 


Ein i? E out = AE;ystem 
Net energy transfer ini ineti 
oyaa work andms prince Peano 
Qin + m;h; = mu, (since W = E ut = Einitias = ke = pe = 0) Ses: 
Combining the two balances: 
Qn = m,(u, —h;) 
where 
PV 100 kPa)(0.020 m? 
ie ae O20 mi). 9.909824 ke 
RT, (0.287 kPa: m”/kg - K)(300 K) 
h; = 300.19 kJ/k: 
T; =T, =300 K Table A-17 x i g 
u, = 214.07 kJ/kg 
Substituting, 
Qin = (0.02323 kg)(214.07 — 300.19) kJ/kg = — 2.0 kJ 
or 


Qou = 2.0 kJ 


Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 
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5-93 


5-121 A rigid tank initially contains air at atmospheric conditions. The tank is connected to a supply line, and air is allowed 
to enter the tank until mechanical equilibrium is established. The mass of air that entered and the amount of heat transfer are 
to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
variable specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
direction of heat transfer is to the tank (will be verified). 


Properties The gas constant of air is 0.287 kPa.m*/kg.K (Table A-1). The properties of air are (Table A-17) 


T; =295 K > h; = 295.17 kJ/kg 
T, =295 K > u; = 210.49 kJ/kg 
T, =350 K > u, = 250.02 kJ/kg 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


= = a P;= 600 kPa 

Min — Mout = AMgy stem > m=m—-—mMm —> : > 

T; = 22°C 
Energy balance: 
Ein T E out = system : 
Ss Q 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies P S 100 kPa 


Qin + m;h; = mu, — mu; (since W = ke = pe = 0) Ti = 22°C 


The initial and the final masses in the tank are 


3 
wE PV (100 woe m°) -2.362 kg 
RT, (0.287 kPa- m*/kg-K)(295 K) 
OPV (600 kPa)(2 m°) 


m, = 11.946 kg 


RT, (0.287 kPa - m*/kg- K)(350 K) 


Then from the mass balance, 


m; = m, —m, = 11.946 — 2.362 = 9.584 kg 


(b) The heat transfer during this process is determined from 
Qin = =m;h; + mu, — mu 
= -(9.584 kg\295.17 kJ/kg) + (11.946 kg)(250.02 kJ/kg) — (2.362 kg {210.49 kJ/kg) 
=-339kJ > Qu =339kJ 


Discussion The negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the 
direction. 
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5-94 


5-122 A rigid tank initially contains superheated steam. A valve at the top of the tank is opened, and vapor is allowed to 


escape at constant pressure until the temperature rises to 500°C. The amount of heat transfer is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the steam leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the 


tank (will be verified). 

Properties The properties of water are (Tables A-4 through A-6) 
P, =2 MPa K = 0.12551 m3/kg 
T; =300°C | u; =2773.2 kJ/kg, h; =3024.2 kJ/kg 
P, =2 MPa i = 0.17568 m°/kg 
T, =500°C J u, =3116.9 kJ/kg, h, = 3468.3 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 


microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 


the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 
Min — Mout = Am 


system > m=m-m 


Energy balance: 


E in E out = AE system 
SE) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin — Mh, = m,u, — myu, (since W = ke = pe = 0) 


The state and thus the enthalpy of the steam leaving the tank is changing during this process. But for simplicity, we assume 


constant properties for the exiting steam at the average values. Thus, 


h, +h : : 
oti : a _ 3024.2 + ‘ass 3 KK 3946.2 kJ/kg 


h 


e 


The initial and the final masses in the tank are 


v .2 m? 

kn a =1.594 kg 
vi 0.12551 m?/kg 
v. 2 m? 

m, =—= ean =1.138kg 


V 0.17568 m*/kg 


Then from the mass and energy balance relations, 


m, =m; — m, =1.594 -1.138 = 0.456 kg 


Qin = Mehe + Mu, — MU; 
= (0.456 kg (3246.2 kJ/kg)+ (1.138 kg\(3116.9 kJ/kg)- (1.594 kg 2773.2 kJ/kg) 
=606.8 kJ 
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5-95 


5-123 A cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply line, and 
the steam is allowed to enter the cylinder until all the liquid is vaporized. The final temperature in the cylinder and the mass 
of the steam that entered are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 3 There are no work interactions involved other than 
boundary work. 4 The device is insulated and thus heat transfer is negligible. 


Properties The properties of steam are (Tables A-4 through A-6) 


P, =200kPa } o y 
=h; +x 
x, =0.6 A eae 


= 504.71 + 0.6 x2201.6 = 1825.6 kJ/kg 


(P = 200 kPa) 


P, = 200 kPa 
sat. vapor 
P, =0.5 MPa 
h; =3168.1 kJ/kg 
T, = 350°C 


Analysis (a) The cylinder contains saturated vapor at the final state at a pressure of 200 kPa, thus the final temperature in 
the cylinder must be 


T = Tsat @ 200 kPa = 120.2°C 


(b) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Min — Mout = AM, 


out system > m; =m -m 


Energy balance: 


En =. Eout = AE. 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh, = Wp out + MU — MU, (since Q = ke = pe = 0) 
Combining the two relations gives 
0 = Wy out — (m, = m; )h; + Mu, — Mu; 
or, 
0= -(m, =m; Nh, +m hy — mh 
since the boundary work and AU combine into AH for constant pressure expansion and compression processes. Solving for 
m; and substituting, 


h; — hy (3168.1 -1825.6) kJ/kg 
m, = y= 
h; -h (3168.1— 2706.3) kJ/kg 


(10 kg) = 29.07 kg 


Thus, 
mi = Mz - mı = 29.07 - 10 = 19.07 kg 
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5-124E A scuba diver's air tank is to be filled with air from a compressed air line. The temperature and mass in the tank at 
the final state are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
tank is well-insulated, and thus there is no heat transfer. 


Properties The gas constant of air is 0.3704 psia-ft*/Ibm-R (Table A-1E). The specific heats of air at room temperature are 
Cp = 0.240 Btu/Ibm-R and c,= 0.171 Btu/lbm:R (Table A-2Ea). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AMgy stem > m =m,-m; 


Air ‘ o 
Energy balance: ——> 120 psia, 100°F 


E in E out a AE system 
a) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 20 psia 
m;h; =m,U,—mMu, 70°F 
3 
2 = 2 ft 
mC T; =m,c,T, —mc,T, 


Combining the two balances: 
(m, —m, )c T; =mzc,T, —mc,T, 


The initial and final masses are given by 


PV i 
Ei = LAE = 0.2038 Ibm 
RT, (0.3704 psia - ft” /Ibm- R)(70+ 460 R) 
ee ae (120 psia)(2 ft?) _ 647.9 
? RT, (0.3704 psia-fi3/lbm-R)T, T, 
Substituting, 
47. 47. 
É 2 -0.2038 \024y560) = = 0.1701; — (0.2038)(0.171)(530) 
2 2 


whose solution is 
T, =727.4R = 267.4°F 
The final mass is then 


ph DOTS ATO Ie ace 
a a ar ae 
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5-97 
5-125 R-134a from a tank is discharged to an air-conditioning line in an isothermal process. The final quality of the R-134a 
in the tank and the total heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AMM system 


A-C line —> 
=m, =M, —M, 


m, =m —My 


Energy balance: 


Liquid R-134a 


Ein -E out z AE 


system 5 kg 
EN 
Net energy transfer Change in internal, kinetic, 24°C 
by heat, work, and mass potential, etc. energies 


Qin = Mehe = MzUy — mu; 
Qin = MU, —M,U, +m,h, 
Combining the two balances: 
Qin = Mu, — Mu, +(m, — mM )h, 
The initial state properties of R-134a in the tank are 


v, = 0.0008261 m3/kg 
u; =84.44 kJ/kg (Table A-11) 


| 
h, = 84.98 kJ/kg 


x=0 
Note that we assumed that the refrigerant leaving the tank is at saturated liquid state, and found the exiting enthalpy 
accordingly. The volume of the tank is 

V = mv, = (5kg)(0.0008261m?/kg) = 0.004131m* 


The final specific volume in the container is 


— V _ 0.004131m? 
m, 0.25 kg 


> =0.01652m°/kg 


The final state is now fixed. The properties at this state are (Table A-11) 


T, = 24°C o = Vo Uf a 0.01652 —0.0008261 -0.5061 


= 0.01652 m?/k Vig 0.031834 —0.0008261 
Vv, =V. m` /kg Uy =U f +XzU f = 84.44 kJ/kg + (0.5061)(158.65 kJ/kg) = 164.73 kJ/kg 


Substituting into the energy balance equation, 
Qin =M,u, =M,u; +(m, =m3)h, 
= (0.25 kg)(164.73 kJ/kg) — (5 kg)(84.44 kJ/kg) + (4.75 kg)(84.98 kJ/kg) 
= 22.64 kJ 
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5-126E Oxygen is supplied to a medical facility from 10 compressed oxygen tanks in an isothermal process. The mass of 
oxygen used and the total heat transfer to the tanks are to be determined. 


Assumptions 1 This is an unsteady process but it can be analyzed as a uniform-flow process. 2 Oxygen is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 


Properties The gas constant of oxygen is 0.3353 psia-ft*/Ibm-R (Table A-1E). The specific heats of oxygen at room 
temperature are c, = 0.219 Btu/lbm-R and c,= 0.157 Btu/lbm:R (Table A-2Ea). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = Am 


system 
= es 
-m, =m,—m, 
Me =m, -M3 ) 
Energy balance: 
Oxygen 
Ein J E out AE system 1500 psia 
Net energy transfer Change in internal, kinetic, 80°F, 15 fe 
. . b 
by heat, work, and mass potential, etc. energies 


Qin — Meh, = Mu, —MU, 
Qin = Mu, —Mu, +m-,h, 
Qin = M,C, Ta —m,c,T, + mC Te 
Combining the two balances: 


Qin =MzC,T3 — myc T, +(m, -mM3)CpTe 


The initial and final masses, and the mass used are 


. 3 
iie PV _ Cao. pee ft”) = 1243 Ibm 
RT, (0.3353 psia - ft’/Ibm - R)(80 + 460 R) 
PV i : 
eae (300 ae ft”) -24.85 bm 
RT, (0.3353 psia - ft”/Ibm - R)(80 + 460 R) 
m, =m, —m, =124.3- 24.85 =99.41lbm 
Substituting into the energy balance equation, 
Qin =M,C,T, —mc,T, + m,C pT, 
= (24.85)(0.157)(540) — (124.3)(0.157)(540) + (99.41)(0.219)(540) 


=3328 Btu 
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5-99 
5-127E Steam is supplied from a line to a weighted piston-cylinder device. The final temperature (and quality if 
appropriate) of the steam in the piston cylinder and the total work produced as the device is filled are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 
expressed as 


Mass balance: 


Min — Mout = Am 


system 
NS 
Energy balance: 
E in E out = AE system 
rn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


m;h; -Wp out = M2U3 
Wo out = mh; —mzU, 

Combining the two balances: 

Wb out = Mz (hj —u3) 
The boundary work is determined from 

Wb ou = PV, —Y,) = P(mv —m)¥,) = Pm,v, 
Substituting, the energy balance equation simplifies into 

Pm V3 =m; (h; —uy) 

Pv, =h; -u, 

The enthalpy of steam at the inlet is 

P, = 300 psia 

T, = 450°F | h; =1226.4Btu/lbm (Table A - 6E) 


Substituting this value into the energy balance equation and using an iterative solution of this equation gives (or better yet 
using EES software) 


T, = 425.1°F 
u, =1135.5 Btu/lbm 
v, = 2.4575 ft? /Ibm 


The final mass is 


v. 3 
m,=2=— 08 4.06910 
V, 2.4575 ft?/Ibm 
and the work produced is 


1Btu 
5.404 psia - ft? 


W, out = PV, = (200 psia)(10 ft? | = 370.1Btu 
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5-128E Oxygen is supplied from a line to a weighted piston-cylinder device. The final temperature of the oxygen in the 
piston cylinder and the total work produced as the device is filled are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 4 Oxygen is an ideal gas with constant specific heats. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 
expressed as 
Mass balance: 

Min — Mout = AM system 


m; =m, 


Energy balance: 


E in E out = AE system 
Y~Y 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; —Wy out = 'M2U2 
Wo out = mh; —mzU, 

Combining the two balances: 

Wo out = Mz (hj —u3) 
The boundary work is determined from 

Wb ou = PV, —Y,) = P(mv —m)4,) = Pm, vy 
Substituting, the energy balance equation simplifies into 

Pm,v, =m (h; —u) 

Pv, =h; -u, 


Solving for the final temperature, 


Cp Cp 
RT, =c pT; —CyT> >T, = T; =T; =T, = 450°F 
R+c, Cp 
The work produced is 
1 Btu 


Wout = PV, = (200 psia)(10 ft? { = 370.1Btu 


5.404 psia - ft? 
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5-101 
5-129 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed 
to enter the tank. The mass of the R-134a that entered and the heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 


energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of refrigerant are (Tables A-11 through A-13) R-134a 1.6 MPa 


P, =1.4 MPa |" =V @14 Mpa = 0.01411 m3/kg T 36°C T 
sat.vapor U; =Ug@1.4 MPa = 256.37 kJ/kg 

P, =1.6 MPa ie =V@1.6 mpa = 9-0009400 m°/kg 

sat. liquid Uy =U f@1.6 mPa = 134.43 kJ/kg 

P, =1.6 MPa 


T, =36°C ha =hy@serc = 102.33 kI/kg 


Sat. vapor 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 
Min — Mout = AM,ystem > m =m-m 
Energy balance: 


Ein -E out = system 
— 
Net energy transfer 


Change in internal, kinetic, 
by heat, work, and mass 


potential, etc. energies 
Qin + mh, = m,U, — mu, (since W = ke = pe = 0) 


(a) The initial and the final masses in the tank are 


V .03 m? 
CaM 
v 0.01411 m°/kg 
v. .03 m? 
TER ee =31.92 kg 


V3 00.0009400 m?/kg 


Then from the mass balance 


m; =m, —m, =31.92 — 2.127 = 29.79 kg 


(c) The heat transfer during this process is determined from the energy balance to be 
Qin ==m;h; + m3u3 — mu; 


= -(29.79 kg 102.33 kJ/kg) + (31.92 kg \(134.43 kJ/kg) - (2.127 kg\256.37 kJ/kg) 
=697 kJ 
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5-130 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of the mass 
in liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer 
is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


= 0.001157 m?/kg 
= 850.46 kJ/kg 


f@200°C 


sat. liquid 


T, = 200°C |u =v 
uy 


=U @200°C 
T, = 200°C 


he = h, orc = 852.26 KJ/kg 
sat. liquid | e — f@200°C 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Min — Mout = ÅMsystem > Me = M- ™ 
Energy balance: H,O 
Ein a Eoi L AB. stem eee 
—— = 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = Mh, + mu, — myu; (since W = ke = pe = 0) 


The initial and the final masses in the tank are 


VU 03m 
vi 0.001157m7/kg 
m, = 4m, =1(259.4 kg)= 129.7 kg 


mı = = 259.4 kg 


Then from the mass balance, 


m, =m, — m, =259.4 -129.7 =129.7 kg 


Now we determine the final internal energy, 


0.3 m? 
y, = = 2 ™ _ 9.002313 m3/kg 
m, 129.7kg 
V -Uu & 
vy = 20t _ 9.002313 0.001157 _ 9 009171 
Va 0.12721-0.001157 
T, = 200°C 


Uy =U p +XpU p =850.46 + (0.009171)1743.7) = 866.46 kI/k 
ae S iis) l Nra) j 


Then the heat transfer during this process is determined from the energy balance by substitution to be 


Q =(129.7 kg\852.26 kJ/kg)+ (129.7 kg\(866.46 kJ/kg)- (259.4 kg {850.46 kJ/kg) 
= 2308 kJ 
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5-131 A rigid tank initially contains saturated liquid-vapor mixture of refrigerant-134a. A valve at the bottom of the tank is 
opened, and liquid is withdrawn from the tank at constant pressure until no liquid remains inside. The amount of heat 
transfer is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of R-134a are (Tables A-11 through A-13) 


R-134a 
P, =800 kPa —> v; =0.0008458 m*/kg, v = 0.025621 m*/kg Sat. vapor 
E È P = 800 kPa 
uy =94.79 kJ/kg, ug = 246.79 kJ/kg Ganges Q 


P, = 800 kPa k = V @so0 kpa = 0.025621 m*/kg 


sat. vapor U, = Ug@800 kPa = 246.79 kJ/kg 


P, = 800 kPa 


sat. liquid ha = hy @so0 kra = 99.47 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


M, = Am. 


Min — Mout system 


> m=m-m 


Energy balance: 


Ein ~ Eee = AE system 
ee, 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = Meh, + MU, — mu, (since W = ke = pe = 0) 
The initial mass, initial internal energy, and final mass in the tank are 


V V 3 3 

m =m, +m, So ie E 35.47 + 3.513 = 38.98 kg 
Vp Vy  0.0008458 m*/kg 0.025621 m*/kg 

U; = mu, = mpu p +mgu, = (35.47X94.79) + (3.513)246.79) = 4229.2 kJ 


Vs 0.12 m? 
v, 0.025621 m3/kg 


m, = 4.684 kg 


Then from the mass and energy balances, 


me =m, — m, =38.98 — 4.684 = 34.30 kg 


Qin = (34.30 kg \95.47 kJ/kg) + (4.684 kg {246.79 kJ/kg)- 4229 kJ = 201.2 kJ 
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5-132E A rigid tank initially contains saturated liquid-vapor mixture of R-134a. A valve at the top of the tank is opened, 
and vapor is allowed to escape at constant pressure until all the liquid in the tank disappears. The amount of heat transfer is 
to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 


Properties The properties of R-134a are (Tables A-11E through A-13E) 


P, =160 psia >v, =0.01413 ft*/Ibm, v4 = 0.29316 ft*/Ibm 
u, =48.10 Btu/Ibm, u =108.50 Btu/lbm 


a . _ z 3 Sat. vapor 
P, =160 psia | v, =V 3@160 psia = 9.29316 ft” /lbm P—160-psia 
sat. vapor Uy =Ug@160 psia = 108.50 Btu/Ibm V=2 fe 


P, =160 psia 


sat. vapor 


ha =h @160 psia = 117.18 Btu/lbm 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


M, = Am 


Min — Mout system 


> m =m-m, 


Energy balance: 


Ein E E out = AE 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin —M,h, = m,u, — myu, (since W = ke = pe = 0) 
The initial mass, initial internal energy, and final mass in the tank are 
V; i V,  2x0.2 ft? , 2x08 ft? 
Vf Vg 0.01413 ft*/Ibm 0.29316 ft? /Ibm 
U; =mu, =m pu, + mau, =(7.077)(48.10) + (6.48\108.50) = 1043 Btu 
v 2 ft? 


M a EN OES OE 
V, 0.29316 ft*/Ibm 


= 7.077 + 6.48 =13.56 Ibm 


m =m, +m, = 


= 6.822 Ibm 


Then from the mass and energy balances, 


me =m, — m, =13.56 — 6.822 = 6.736 Ibm 


Qin = Meh, + MU, — Mu; 
= (6.736 lbm\117.18 Btu/lbm) + (6.822 IbmX108.50 Btu/Ibm)— 1043 Btu 
= 486 Btu 
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5-133 A rigid tank initially contains saturated R-134a liquid-vapor mixture. The tank is connected to a supply line, and R- 
134a is allowed to enter the tank. The final temperature in the tank, the mass of R-134a that entered, and the heat transfer 
are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of refrigerant are (Tables A-11 through A-13) 
T, =14°C_ | v4 =v; +x,V y =0.0008020 + 0.7 x (0.04342 — 0.0008020) = 0.03063 m*/kg 
x, =0.7 Uy =U p + XU gq =70.57 + 0.7 x 167.26 = 187.65 kJ/kg 
P, = 700 kPa = ¥4@7100 kPa = 0.02936 m*/kg 


sat. vapor Uy =Ug@7o0 kPa = 244.48 kJ/kg 
pal een ee R-134 I MP 
T,=100°C fi Š E 100°C = 


Analysis We take the tank as the system, which is a control volume 
since mass crosses the boundary. Noting that the microscopic energies 
of flowing and nonflowing fluids are represented by enthalpy h and 
internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance: Min — Mout = AMgy stem > M; = m, =M; 


Energy balance: 


Ein $ Eout = system 
—__ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin + mh; = mu, — mu, (since W = ke = pe = 0) 


(a) The tank contains saturated vapor at the final state at 800 kPa, and thus the final temperature is the saturation 
temperature at this pressure, 


fT @ 700 kPa 7 26.7°C 


(b) The initial and the final masses in the tank are 


4m? 
er T =13.06 kg 
vi 0.03063 m°/kg 
3 
(eS — Se Oe 


V, 0.02936 m3/kg 
Then from the mass balance 


m; =m, — m, =13.62 — 13.06 = 0.5653 kg 


(c) The heat transfer during this process is determined from the energy balance to be 
Qin = —mjh; + mu, — mu; 
= (0.5653 kg)(335.06 kJ/kg) + (13.62 kg\(244.48 kJ/kg} (13.06 kg)(187.65 kJ/kg) 
=691kJ 
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5-134 A hot-air balloon is considered. The final volume of the balloon and work produced by the air inside the balloon as it 
expands the balloon skin are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There is no heat transfer. 


Properties The gas constant of air is 0.287 kPa-m*/kg-K (Table A-1). 


Analysis The specific volume of the air at the entrance and exit, and in the balloon is 


„- RT _ (0.287 kPa: m?/kg-K)(35 +273 K) 


= 0.8840 m3/kg 
P 100 kPa 
The mass flow rate at the entrance is then 


bie Ms (1 m?)(2 m/s) 
'  ¥ 0.8840 m3/kg 


= 2.262 kg/s 


while that at the outlet is 


Si ac Me (0.5 m?)(1 m/s) 


A 5 = 0.5656 kg/s 
v 0.8840 m°/kg 


Applying a mass balance to the balloon, 
Min Mout = AM ystem 

m; -m, =m, —m, 

m, —m, =(m,; —m, )At = [(2.262 — 0.5656) kg/s](2 x 60 s) = 203.6 kg 


The volume in the balloon then changes by the amount 

AV = (m, —m, )v = (203.6 kg)(0.8840 m*/kg) = 180m? 
and the final volume of the balloon is 

V, =V, + AV =75+180=255 m3 


In order to push back the boundary of the balloon against the surrounding atmosphere, the amount of work that must be 
done is 


1kJ 


Wy out = PAV = (100 kPa)(180 m°? (| = 18,000 kJ 
i 1kPa-m 
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5-135 An insulated rigid tank initially contains helium gas at high pressure. A valve is opened, and half of the mass of 
helium is allowed to escape. The final temperature and pressure in the tank are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved. 4 The tank is insulated and thus heat 
transfer is negligible. 5 Helium is an ideal gas with constant specific heats. 


Properties The specific heat ratio of helium is k =1.667 (Table A-2). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Min — Mout = AM en > Me = M -m 


=i i Zai 
m, = 5m (given) —> m, =m, = 7m, 
Energy balance: 


Ein T E out = AE. 


system 
———S4 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


—m,h, = mu, — mu, (since W = Q = ke = pe = 0) 


Note that the state and thus the enthalpy of helium leaving the tank is changing during this process. But for simplicity, we 
assume constant properties for the exiting steam at the average values. 


Combining the mass and energy balances: 0= I mh, + l mu, — mu} 


T+T 

Dividing by m;/2 0=h, +u, -2u or 0=c, +07, -2c,T, 

Dividing by c,: O=k(T,+T,)+2T,-4T, since k=c,/c, 

Solving for T»: T, = Wik) ÑE (4-1.667) (403 K)=257 K 
(2+k) © (2+1.667) 


The final pressure in the tank is 
PV m,RT. 
1 aa > P, 


-mI p aron 
P,V è m,RT, mT, 


‘ 3000 kPa)=956 kPa 
2 403 
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5-136E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to 30 psia. The amount of electrical work 
transferred is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 


Properties The gas constant of air is R =0.3704 psia.ft/lbm.R (Table A-1E). The properties of air are (Table A-17E) 
T; =580R ——> h, =138.66 Btu/lbm 


T,=580R — > u,=98.90 Btu/Ibm 
T, =580R —> uy =98.90 Btu/Ibm 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AM, > m=m-m, 


system 
Energy balance: 
Ein = Bout T AE system l 
——— 75 psia 
Net energy transfer Change in internal, kinetic, o 
by heat, work, and mass potential, etc. energies 120°F 
W. in — m,h, = mu, —mu, (since Q = ke = pe = 0) 


The initial and the final masses of air in the tank are 


. 3 
E PV _ (75 psia)(60 ft ) -20.95 Ibm 
RT, (0.3704 psia -ft3/Ibm-R {580 R) 
. 3 
oe PV _ (30 psia)(60 ft ) -8.38 Ibm 


RT, (0.3704 psia -ft?/lbm-R {580 R) 
Then from the mass and energy balances, 


m, = m, — My = 20.95 — 8.38 =12.57 Ibm 


W, 


ein = Mehe + Myu, — MU; 
= (12.57 Ibm)(138.66 Btu/Ibm)+ (8.38 Ibm {98.90 Btu/Ibm)- (20.95 Ibm 98.90 Btu/lbm) 


= 500 Btu 
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5-137 A vertical cylinder initially contains air at room temperature. Now a valve is opened, and air is allowed to escape at 
constant pressure and temperature until the volume of the cylinder goes down by half. The amount air that left the cylinder 
and the amount of heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions other than boundary work. 4 Air is an ideal gas with 
constant specific heats. 5 The direction of heat transfer is to the cylinder (will be verified). 


Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1). 


Analysis (a) We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AMgy stem > M =m-m 


Energy balance: 


AIR 
Ein g Eou AE system 300 kPa 
— 
Net energy transfer Change in internal, kinetic, 0.2 m 
by heat, work, and mass potential, etc. energies 


Qin + Wp in = meh, = MU, = mu, (since ke = pe = 0) 


The initial and the final masses of air in the cylinder are 


3 
ne PV, _ (300 kPa)0.2 m ) - 0.714 ke 
RT, (0.287 kPa -m°/kg-K 293 K) 
3 
T PV, _ (300 kPa )lo.1 m ) = 0.357 kg =m, 


RT, — (0.287 kPa-m3/kg-K (293 K) 
Then from the mass balance, 


m, = m =m, = 0.714 - 0.357 = 0.357 kg 


(b) This is a constant pressure process, and thus the W, and the AU terms can be combined into AH to yield 
Q=m,h, +m,h, —m,h, 
Noting that the temperature of the air remains constant during this process, we have 
hy = hy = hp = h. 
Also, 
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5-138 A balloon is initially filled with helium gas at atmospheric conditions. The tank is connected to a supply line, and 
helium is allowed to enter the balloon until the pressure rises from 100 to 125 kPa. The final temperature in the balloon is to 
be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Helium is an ideal gas 
with constant specific heats. 3 The expansion process is quasi-equilibrium. 4 Kinetic and potential energies are negligible. 
5 There are no work interactions involved other than boundary work. 6 Heat transfer is negligible. 


Properties The gas constant of helium is R = 2.0769 kJ/kg:K (Table A-1). The specific heats of helium are c, = 5.1926 and 
Cy= 3.1156 kJ/kg-K (Table A-2a). 


Analysis We take the cylinder as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 

Min — Mout = Am 


system > m=m-m 


Energy balance: 


Ein ~ E uit z AE, ystem 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; = Wy out + MU — Mu, (since Q = ke = pe = 0) 


3 
mn, PY (100 kPa [a0 m°) aaa 
RT, (2.0769 kPa - m*/kg - K [290 K) 
P, V y Uy = By, = 125 88 (49 m?)=50 m? 
P V P, | 100kPa 


OPV (125 kPa)(50 m°) 3009.3 
RT, (2.0769 kPa-m/kg-K|T,K) T 


kg 


Then from the mass balance, 


_ 3009.3 


2 


m; =M, —M 


-6.641 kg 


Noting that P varies linearly with Y the boundary work done during this process is 


(100 + 125)kPa 
J= AR 


wW ee 


A 7 AY, 50 —40)m? =1125 kJ 


Using specific heats, the energy balance relation reduces to 
W, out = M,C py; T mc T, + mc,T, 


Substituting, 


1125 = (es z sa |[5.1926}058)- wee (3.1156), + (6.641)(3.1156\290) 
2 2 


It yields 
T, =315K 
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5-139 The air in an insulated, rigid compressed-air tank is released until the pressure in the tank reduces to a specified 
value. The final temperature of the air in the tank is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions involved. 5 The tank is well-insulated, and thus there is no heat 
transfer. 


Properties The gas constant of air is 0.287 kPa-m*/kg-K (Table A-1). The specific heats of air at room temperature are Cp = 
1.005 kJ/kg-K and cy= 0.718 kJ/kg:K (Table A-2a). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AM, Eee 
-Me =M, -Mı 


m, =M; -M3 


Energy balance: 


Ein Fi E out = AE system 4000 kPa 
Net energy transfer ini al. kineti o 3 
gy Change in internal, kinetic, 20°C, 0.5 m 
by heat, work, and mass potential, etc. energies 


—m,h, =M,u, —m Uy 
0=m,u, —mu, +m,h, 


0=my,c,T, —mc,T, +m,c,T, 
Combining the two balances: 


0=m,c,T, —m,c,T, +(m, —m, )cpTe 
The initial and final masses are given by 


PV (4000 kPa)(0.5 m°) 


= = 23.78k 
RT, Š 


m m 
i (0.287 kPa-m3/kg-K)(20+ 273 K) 


_ PV (2000KPa)(0.5m°) _ 3484 
RT, (0.287kPa:-m°/kg-K)T, T, 


My 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0=m),c,T, —mcyT, +(m, —m,)c pT, 


_ 3484 
T, 


0 


(0.718), ~(23.78)(0.718)(293) 27s g etoos 22t ) 
2 


whose solution by trial-error or by an equation solver such as EES is 


T, = 241K = -32°C 
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5-140 An insulated piston-cylinder device with a linear spring is applying force to the piston. A valve at the bottom of the 
cylinder is opened, and refrigerant is allowed to escape. The amount of refrigerant that escapes and the final temperature of 
the refrigerant are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process assuming that the state of fluid leaving the device remains constant. 2 Kinetic 
and potential energies are negligible. 


Properties The initial properties of R-134a are (Tables A-11 through A-13) 


u, = 325.03 kJ/kg 
T, =120°C 


P =1.2MPa i = 0.02423 m3/kg 
1 TE . 
h, =354.11 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Min — Mout = AM, pea > Me = M -m 
Energy balance: 


Ein Zz Bai F AE 


system 
Sane KY 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wy in — Mh, = Mu, — mu, (since Q = ke = pe = 0) 


The initial mass and the relations for the final and exiting masses are 


3 

pee apie 

v, 0.02423 m°/kg 

V, 0.5m? 
My = = Á- 

v Vy 

3 
i= eas o 
V2 


Noting that the spring is linear, the boundary work can be determined from 


(1200+ 600) kPa 


(0.8-0.5)m? = 270 KJ 


Substituting the energy balance, 


3 3 
270 [pm wag h -(%5 a la (33.02 kg)(325.03 kJ/kg) (Eq. 1) 
v2 v2 


where the enthalpy of exiting fluid is assumed to be the average of initial and final enthalpies of the refrigerant in the 
cylinder. That is, 
_ h +h, _(354.11kJ/kg)+ hy 


h 
s p) 2 


Final state properties of the refrigerant (h2, u2, and ù) are all functions of final pressure (known) and temperature 
(unknown). The solution may be obtained by a trial-error approach by trying different final state temperatures until Eq. (1) 
is satisfied. Or solving the above equations simultaneously using an equation solver with built-in thermodynamic functions 
such as EES, we obtain 


T, =96.8°C, m, = 22.47 kg, ho = 336.20 kJ/kg, 
u = 307.77 kJ/kg, v = 0.04739 mĉ/kg, m = 10.55 kg 
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5-141 Steam at a specified state is allowed to enter a piston-cylinder device in which steam undergoes a constant pressure 
expansion process. The amount of mass that enters and the amount of heat transfer are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and 
potential energies are negligible. 


Properties The properties of steam at various states are (Tables A-4 through A-6) 


V, 0.1m? 
vy, = =" -0.16667 m3/kg 
m 0.6kg 
P, =P, 
P, =800kPa Q 
„fu; = 2004.4 kJ/kg 
Vv, = 0.16667 m*/kg 
P, =800 kPa |v, = 0.29321 m°/kg Steam 
T, =250°C Ju, =2715.9 kJ/kg 5 MPa 
500°C 


P,=5MPa 


h; = 3434.7 kJ/kg 
T, = 500°C 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 

Min — Mout = Am 


system > m=m-m 


Energy balance: 


Ein ~ EE sie > AE. 


system 
ae SS 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin — Wo our + M;h; = MU, -mu (since ke = pe = 0) 

Noting that the pressure remains constant, the boundary work is determined from 
Wpout = P(V> — V1) = (800 kPa)(2x0.1—0.1)m* = 80 kJ 

The final mass and the mass that has entered are 


Vv 2m 
jySe ae EC Y 
V3 0.29321 m3/kg 


m; =m, —m, = 0.682 — 0.6 = 0.082 kg 


(b) Finally, substituting into energy balance equation 


Q,, — 80 KJ + (0.082 kg)(3434.7 kJ/kg) = (0.682 kg)(2715.9 kJ/kg) — (0.6 kg)(2004.4 kJ/kg) 
Q,, = 447.9 kJ 
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5-142 Steam is supplied from a line to a piston-cylinder device equipped with a spring. The final temperature (and quality if 
appropriate) of the steam in the cylinder and the total work produced as the device is filled are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 


expressed as 
Mass balance: Min ~ Mou = AM —> m=m, 


system I 


Energy balance: 


E in E out m AE system 
—— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; —Wy out = M2Uy 


Wy our = mh; — mu, 


Combining the two balances: 


W5 out = My) (h; —Up) 


Because of the spring, the relation between the pressure and volume is a linear relation. According to the data in the 
problem statement, 


p-300=-Ly 


The final vapor volume is then 


V, = 


7 (1500 —300) = 2.222 m? 
2700 


The work needed to compress the spring is 


v 
Wh,out = f PdV = f (2 V+ 300 ay = a Vz +300V, =270x 2.222” +300x 2.222 = 2000 kJ 
x 
0 


The enthalpy of steam at the inlet is 


P, =1500kPa 


h; =2796.0 kJ/kg (Table A -6) 
T, =200°C 


Substituting the information found into the energy balance equation gives 


2.222 
W; out = My (h; uz) > W; out (h; uy) > 2000 = (2796.0—u,) 
v2 


Using an iterative solution of this equation with steam tables gives (or better yet using EES software) 
T, =233.2°C 
u, = 2664.8 kJ/kg 
v, =0.1458 m?/kg 
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5-143 Air is supplied from a line to a piston-cylinder device equipped with a spring. The final temperature of the steam in 
the cylinder and the total work produced as the device is filled are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 The process is adiabatic. 4 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is 0.287 kPa-m’/kg:K (Table A-1). The specific heats of air at room temperature are Cp = 
1.005 kJ/kg:K and cy= 0.718 kJ/kg-K (Table A-2a). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
and also noting that the initial mass in the system is zero, the mass and energy balances for this uniform-flow system can be 
expressed as 


Mass balance: Min — Mout =AMgystem ~=——> Mm; =M, 


Energy balance: 


Ein -E out = AE 


system 
icine 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; —Wy our ='M2U2 


Wp our = jh; — mu, 


Combining the two balances: 


Supply line 


W; out =m, (h; —U,) 


Because of the spring, the relation between the pressure and volume is a linear relation. According to the data in the 
problem statement, 


p 309 =2700y 


The final air volume is then 
V, = — (2000 — 300) = 3.148 m? 
2700 


The work needed to compress the spring is 


v, 
Wb out = [Pav = (= v +300 ]av = n V? +300V, =270x3.148° +300x3.148 = 3620 kJ 
x 
0 


Substituting the information found into the energy balance equation gives 
Wo out = Mz (hj — Uy) 
PV, 
W5 out = RT, (cT; ~ cT, ) 


3620 = 2O01 4 005x600—0.718xT>) 
(0.287)T, 


The final temperature is then 


T, = 682.9 K = 409.9°C 
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Review Problems 


5-144 Carbon dioxide flows through a throttling valve. The temperature change of CO; is to be determined if CO; is 
assumed an ideal gas and a real gas. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer to or from the fluid is negligible. 4 There are no work interactions involved. 
Analysis There is only one inlet and one exit, and thus m, = m, = m. We take the throttling valve as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


Ein = Ex = RB ces Ne 0 
Ein = É out CO, 
mh, = mh, 5MPa ——> ( : ) 100 kPa 
fete 100°C 


since Ò = W = Ake = Ape = 0. 


(a) For an ideal gas, h = h(T), and therefore, 


T, =T, =100°C >AT =T, -T, =0°C 
(b) We obtain real gas properties of CO, from EES software as follows 


P, =5 MPa 


h; =34.77 kJ/kg 
T, =100°C 


P, =100kPa 


T, = 66.0°C 
h, =h, =34.77 kJ/kg 


Note that EES uses a different reference state from the textbook for CO, properties. The temperature difference in this case 
becomes 


AT =T, -T, =100 -66.0 = 34.0°C 


That is, the temperature of CO, decreases by 34°C in a throttling process if its real gas properties are used. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-117 


5-145 Helium flows steadily in a pipe and heat is lost from the helium during this process. The heat transfer and the 
volume flow rate at the exit are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 

Properties The gas constant of helium is 2.0769 kPa.m’/kg.K. The constant pressure specific heat of air at room 
temperature is Cp = 5.1926 kJ/kg-°C (Table A-2a). 


Analysis (a) We take the pipe in which the argon is heated as the system, which is a control volume. The energy balance for 
this steady-flow system can be expressed in the rate form as 


: : = : AO (steady) = 
E in ` E out = AE system =0 
E R ee 
Rate of net energy transfer Rate of change in internal, kinetic, $ 
by heat, work, and mass potential, etc. energies Q 
; ; out 
E in 7 E out 
mah, = mh, + Qout 100 kPa, 700 K Helium 300K 


: ; 8 kg/s 
Qonu = 1(h, — hy) id —— 


Qout = mC, (T, = T3) 


Substituting, 


Qout = Mc, (T, — T3) = (8 kg/s)(5.1926 kJ/kg - K)(427 — 27)K =16,620 kW 
(b) The exit specific volume and the volume flow rate are 


RT, _ (2.0769 kPa - m*/kg - K)(300 K) 
ye 100 kPa 
V, =mv, = (8 kg/s)(6.231 m?/kg) = 49.85 m3/s 


v, = = 6.231 m+ /kg 
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5-146 The rate of accumulation of water in a pool and the rate of discharge are given. The rate supply of water to the pool is 
to be determined. 


Assumptions 1 Water is supplied and discharged steadily. 2 The rate of evaporation of water is negligible. 3 No water is 
supplied or removed through other means. 


Analysis The conservation of mass principle applied to the pool requires that the rate of increase in the amount of water in 
the pool be equal to the difference between the rate of supply of water and the rate of discharge. That is, 
dm pool d V 001 


2 =m, —m > mi +m > V,=—2" 4, 
dt l e l dt e l dt e 


A AM oo! 


since the density of water is constant and thus the conservation of mass is 
equivalent to conservation of volume. The rate of discharge of water is 


V, = AV, =(aD7/4)V, =[2(0.07 m)? /4](4 m/s) = 0.01539 m?/s 


The rate of accumulation of water in the pool is equal to the cross- 
section of the pool times the rate at which the water level rises, 


AV 01 š 3 ` 3 
=A Viever = (6 m x 9 m)(0.025 m/min) = 1.35 m~ /min = 0.0225 m”/s 


dt cross-section 


Substituting, the rate at which water is supplied to the pool is determined to be 


Waa 2 ; 
V, =— + V, =0.0225 + 0.01539 =0.0379 m°/s 


Therefore, water is supplied at a rate of 0.0379 m°/s = 37.9 L/s. 


5-147 Air is accelerated in a nozzle. The density of air at the nozzle exit is to be determined. 
Assumptions Flow through the nozzle is steady. 
Properties The density of air is given to be 4.18 kg/m’ at the inlet. 


Analysis There is only one inlet and one exit, and thus m, = m, = m . Then, 


m =m, =, 


Pi AV, = P2AoV> 1 AIR, 2 
A, Vi 120 m/s 3 3 
7 =2 4.18 kg/m?) = 2.64 kg/m -_ 
P2 Ay V, Pi zame g/m”) g 


Discussion Note that the density of air decreases considerably despite a decrease in the cross-sectional area of the nozzle. 
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5-148E A heat exchanger that uses hot air to heat cold water is considered. The total flow power and the flow works for 
both the air and water streams are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the device to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Air is an ideal gas with constant specific heats at 
room temperature. 


Properties The gas constant of air is 0.3704 psia.ft’/Ibm.R =0.06855 Btu/lbm.R (Table A-1E). The specific volumes of 
water at the inlet and exit are (Table A-4E) 


shea 0.01602 ft /Ib 
v zv op =0. m 
T; = 50°F E LONE AIR 
P, =17 psia 3 1 
T, -= 90°F hos = V f @90°F = 0.01610 ft /Ibm Water l 
3 
Analysis The specific volume of air at the inlet and the mass flow rate are 

RT, (0. ia -ft°/lbm- 

Hz 1 _ (0.3704 psia - ft Tn R)(200+460R) _ 12.22 ft? /lbm 2 4 
P, 20 psia 


EE (100/60) ft?/s 


5 = 0.1364 lbm/s 
vi 12.22 ft-/lbm 


Combining the flow work expression with the ideal gas equation of state gives 


Waos = Pv — Piv; = R(T, —T,) = (0.06855 Btu/Ibm-R)(100 — 200)R = -6.855 Btullbm 


The flow work of water is 
Wrow = Pyv4 — P33 
- 3 i 3 1 Btu 
= [a7 psia)(0.01610 ft” /lbm) — (20 psia)(0.01602 ft” /Ibm) aaa eC 
5.404 psia - ft 
= —0.00864 Btullbm 
The net flow power for the heat exchanger is 
Waow = Mair Wflow + Mair Wflow 
= (0.1364 lbm/s)(-6.855 Btu/lbm) + (0.5 Ibm/s)(-0.00864 Btu/lbm) 


lhp 
0.7068 Btu/s 


= —0.9393 Bud ) = -1.329 hp 
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5-149 An air compressor consumes 6.2 kW of power to compress a specified rate of air. The flow work required by the 
compressor is to be compared to the power used to increase the pressure of the air. 


Assumptions 1 Flow through the compressor is steady. 2 Air is an ideal gas. 
Properties The gas constant of air is 0.287 kPa-m*/kg-K (Table A-1). 0.8 MPa 


Analysis The specific volume of the air at the inlet is 


RT, 287 kPa-m3/kg-K)(20+273K C 
v= ı _ (0.287 kPa-m`/kg:K)(20 +273 ) _ 0.7008 m3/kg ompressor 
P, 120 kPa 
The mass flow rate of the air is 120 kPa 


3 20°C 
. V 0.015 m°/s 
m=— = 


= =0.02140 kg/s 
Vi 0.7008 m>/kg 


Combining the flow work expression with the ideal gas equation of state gives the flow work as 


Whow = Pv, — Piv = R(T, —T,) = (0.287 kJ/kg -K)(300 — 20)K = 80.36 kJ/kg 


The flow power is 
W iow = MWaow = (0.02140 kg/s)(80.36 kJ/kg) = 1.72 kW 


The remainder of compressor power input is used to increase the pressure of the air: 


W=W, Wrow = 6.2 -1.72 = 4.48 kW 


otal,in 


5-150 Steam expands in a turbine whose power production is 9000 kW. The rate of heat lost from the turbine is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 
Properties From the steam tables (Tables A-6 and A-4) 1.6 MPa 

350°C Heat 


P, =1.6 MP 
! j þa = 3146.0 KJ/kg 16 kg/s 


T, =350°C 
T, =30°C 


|r = 2555.6 kJ / kg 
xX, =1 


Analysis We take the turbine as the system, which is a control volume since mass 30°C 
crosses the boundary. Noting that there is one inlet and one exiti the energy balance for sat. vap. 
this steady-flow system can be expressed in the rate form as 


Èn 7 Eon = AE #0 (steady) =0 


system 


ee 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Éin = Ei 
mh, = mh, +Wout t Qout 
Or = m(h, ~ hy ) -Wout 
Substituting, 


Qu = (16 kg/s)(3146.0 — 2555.6) kJ/kg -9000 kW = 446.4 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-121 
5-151E Nitrogen gas flows through a long, constant-diameter adiabatic pipe. The velocities at the inlet and exit are to be 


determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Nitrogen is an ideal gas with constant 
specific heats. 3 Potential energy changes are negligible. 4 There are no work interactions. 5 The re is no heat transfer from 
the nitrogen. 


Properties The specific heat of nitrogen at the room temperature iss c, = 0.248 Btu/Ibm-R (Table A-2Ea). 


Analysis There is only one inlet and one exit, and thus m, =m, =m. We take the pipe as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


: * = $ 70 (steady) a 
Ein T E out z AE system =0 
ť— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein — EF out 100 psia N> 50 psia 


m(h, +V? / 2) =m(h, +V3/2) 

h, +V? /2=h, +V//2 
VV 
er ae =C,(T> -T;) 


Combining the mass balance and ideal gas equation of state yields 


my = mz 
AVi _ AV 
vi v2 
A v v T, P 
V, 1 V2 v; 2 V, 2 fi v; 
A V vi T, P, 


Substituting this expression for V> into the energy balance equation gives 


0.5 0.5 


2c,(T,-T,) |_| 2(0.248)(70-120) Ee ft?/s? 

i T, P, 2 1-( 20100) 1 Btu/lbm 
“a P 580 50 

The velocity at the exit is 


T, P 
= 22 Fy, -20100 515- gar ttis 
T, P, | 580 50 


= 515 ft/s 


V2 
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5-152 Water at a specified rate is heated by an electrical heater. The current is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The heat losses from the water is negligible. 


Properties The specific heat and the density of water are taken to be c, = 4.18 kJ/kg-°C and p= 1 kg/L (Table A-3). 


Analysis We take the pipe in which water is heated as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


‘ : È 70 (steady) 
Ein = E out = AE system =0 
~~ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E,, =E j 
, in out Wain 
ùh, +Wejin = thh —___—_——_ 
Wein = m(h, ~ h; ) 18°C water 30°C 


VI = the, (T> -T,) 


The mass flow rate of the water is 
ra = pV =(1kg/L)(0.1L/s) = 0.1 kg/s 


Substituting into the energy balance equation and solving for the current gives 


ja me,(T,—-T,) _ (0.1 kg/s)(4.18 kJ/kg- KX(30 —18)K me VI 


=45.6A 
V 110V 1 kJ/s 


5-153 Water is boiled at Tsa = 100°C by an electric heater. The rate of evaporation of water is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses Steam 
from the outer surfaces of the water tank are negligible. 


Properties The enthalpy of vaporization of water at 100°C is 

hig = 2256.4 kJ/kg (Table A-4). 

Analysis Noting that the enthalpy of vaporization represents 
the amount of energy needed to vaporize a unit mass of a liquid 

A 

ST 


at a specified temperature, the rate of evaporation of water is 


determined to be Water 


100°C 


; Heater 


We boiling 3kJ/s 


m evaporation 
hj 2256.4 kJ/kg 
= 0.00133 kg/s = 4.79 kg/h 
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5-154 Steam flows in an insulated pipe. The mass flow rate of the steam and the speed of the steam at the pipe outlet are to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 


Analysis We take the pipe in which steam flows as the system, which is a control volume. The energy balance for this 
steady-flow system can be expressed in the rate form as 


70 (steady) 


Ein ~ E out = AE system =0 
pA 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
È =É 1400 kPa, 350°C. Water 1000 kPa 
in ou 
: ; D=0.15 m, 10 m/s — D=0.1 m 
mh, = mh 
1 2 
h, =h, 


The properties of the steam at the inlet and exit are (Table A-6) 


P=1400kPa_ | v, = 0.20029 m°/kg 
T =350°C h; =3150.1 kJ/kg 


P, =1000 kPa 


v, = 0.28064 m*/kg 
hy =h, =3150.1 kJ/kg 


The mass flow rate is 


AV, 7D? V, 2(0.15m)  10m/s 


z — = 0.8823 kg/s 
v 4 yu, 4 0.20029 m°/kg 


m= 


The outlet velocity will then be 


rv, 4thv, — 4(0.8823 kg/s)(0.28064 m3/kg) 
A, aD; (0.10 m)? 


= 31.53 m/s 


v2 
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5-155 The mass flow rate of a compressed air line is divided into two equal streams by a T-fitting in the line. The velocity 
of the air at the outlets and the rate of change of flow energy (flow power) across the T-fitting are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 The flow is steady. 3 Since the outlets are identical, it is 


presumed that the flow divides evenly between the two. 
Properties The gas constant of air is R = 0.287 kPa-m*/kg-K (Table A-1). 


Analysis The specific volumes of air at the inlet and outlets are 


RT .287 kPa -mĉ?/kg -K)(40+ 273K 
E a oT eRe T T 
P, 1600 kPa 


_ RT _ (0.287kPa-m3/kg-K)(36+ 273 K) 


= 0.06335 m3/kg 
P, 1400 kPa 


Assuming an even division of the inlet flow rate, the mass balance can be 
written as 


AV, „AV, A, Va V; _ 0.06335 50 


=2 >V =V3= = 28.21mIls 
vi v, A, v; 2 0.05614 2 
The mass flow rate at the inlet is 
2 2 
ne AV, _ my; Vi _ 2(0.025m) 50 m/s = 0.4372 ke/s 


v 4 v 4 0.05614 m?/kg 
while that at the outlets is 


m, _ 0.4372 kg/s 


m, = m = 
2 35 7 


= 0.2186 kg/s 


Substituting the above results into the flow power expression produces 


Waow = 2P v, —mFy, 


1.4 MPa 
36°C 
1.6 MPa | 
400C — 
50 m/s ~] 
1.4 MPa 
36°C 


= 2(0.2186 kg/s)(1400 kPa)(0.06335 m*/kg) — (0.4372 kg/s)(1600 kPa) (0.05614 mĉ/kg) 


= —0.496 kW 
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5-156 Air flows through a non-constant cross-section pipe. The inlet and exit velocities of the air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 5 Air is an ideal gas with 
constant specific heats. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K. Also, Cp = 1.005 kJ/kg.K for air at room temperature (Table A- 
2) 


Analysis We take the pipe as the system, which is a - 
control volume since mass crosses the boundary. D; D, 


The mass and energy balances for this steady-flow 200 kPa 175 kPa 
system can be expressed in the rate form as 65°C — Air 60°C 
Mass balance: “i p V 
: ; ‘ 70 (stead: 
Min — Mout = AMisystem Gaok 0 
. , P aD? P, 4D; PB aay Bp 
m, =m > Vi = Pr AdV: > V = V. >— DV, = — D5V. 
in out PAY, = PAV RE 4 RG 4 7 Gt ge 
Energy balance: 
Ei, —Eout = MPa (steady) Z0 sinceW = Ape = 0) 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
. . v? v? 
En = Eout >h + 2 =h, + 2 + dout 
v? v? 
or CpT, += pT +-+ dout 


Assuming inlet diameter to be 1.4 m and the exit diameter to be 1.0 m, and substituting given values into mass and energy 
balance equations 


200 kPa Š 175 kPa ‘ 
oe (1.4m)?V, = 1.0m)?V. 1 
338K i ) Vi ( 333K X ) V (1) 


2: 
(1.005 ki/kg.K)(338K) +4 | 1 kJ/kg 


ae E] (Loosing KG33K) + 
m /s 


2 
2 e ]+3s kke (2) 
2 \1000 m^/s 


There are two equations and two unknowns. Solving equations (1) and (2) simultaneously using an equation solver such as 
EES, the velocities are determined to be 


V, =29.9 mis 
V, = 66.1 m/s 
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5-157 Heat is lost from the steam flowing in a nozzle. The exit velocity and the mass flow rate are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change 


with time. 2 Potential energy change is negligible. 3 There are no 
work interactions. 
150°C STEAM 75 kPa 


Analysis (a) We take the steam as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this 200 kPa > Sat. vap. 
steady-flow system can be expressed in the rate form as 
q 


Energy balance: 
à È RS : 70 (steady) aN 
Ein = Eout = AE, ystem =0 
SS —~>,.,——~ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein T Eout 


2 
a(n £) 
2 
or Vy = 42(h; yaj h, — out ) 


The properties of steam at the inlet and exit are (Table A-6) 


2 
ih + z] +Qut since W = Ape = 0) 


P, = 200 kPa 


h, = 2769.1 kJ/kg 
T, =150°C 


P, =75 kPa va = 2.2172 m?/kg 


sat. vap. h, = 2662.4 kJ/kg 


Substituting, 


1 kJ/kg 
V, =,[2(h, —h, qox) = |2(2769.1- 2662.4 -2e SE = 401.7 mis 
í ag NS 1000 m2/s2 


(b) The mass flow rate of the steam is 


1 1 


V, =—————— (0.001 m”)(401.7 m/s) = 0.181 kg/s 
v 2.2172 m3/kg 
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5-158 Water is boiled at a specified temperature by hot gases flowing through a stainless steel pipe submerged in water. 
The rate of evaporation of is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses 
from the outer surfaces of the boiler are negligible. 


Properties The enthalpy of vaporization of water at 150°C is 
hey = 2113.8 kJ/kg (Table A-4). 


Analysis The rate of heat transfer to water is given to be 74 kJ/s. 

Noting that the enthalpy of vaporization represents the amount of 

energy needed to vaporize a unit mass of a liquid at a specified 

temperature, the rate of evaporation of water is determined to be Hot gases 
— 


Heater 


Meva oration g i = ig a = 0.0350 kg/s 
j hy 2113.8 kJ/kg 


5-159 Cold water enters a steam generator at 20°C, and leaves as saturated vapor at Tsa = 200°C. The fraction of heat used 
to preheat the liquid water from 20°C to saturation temperature of 200°C is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Heat losses from the steam generator are negligible. 3 The specific heat 
of water is constant at the average temperature. 


Properties The heat of vaporization of water at 200°C is hg = 1939.8 kJ/kg (Table A-4), and the specific heat of liquid 
water is c = 4.18 kJ/kg.°C (Table A-3). 

Analysis The heat of vaporization of water represents the 
amount of heat needed to vaporize a unit mass of liquid at 
a specified temperature. Using the average specific heat, 


the amount of heat transfer needed to preheat a unit mass 
of water from 20°C to 200°C is 


= cAT 
= (4.18 kJ/kg -°C)(200 — 20)°C 


= 752.4 kJ/kg Cold water 
20°C 
——> 


q preheating 


Heater 


and 


total = boiling + d preheating 
= 1939.8 + 364.1 = 2692.2 kJ/kg 


Therefore, the fraction of heat used to preheat the water is 


d preheating = 752.4 
ditotal 2692.2 


Fraction to preheat = =0.2795 (or 28.0%) 
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5-160 Cold water enters a steam generator at 20°C and is boiled, and leaves as saturated vapor at boiler pressure. The 
boiler pressure at which the amount of heat needed to preheat the water to saturation temperature that is equal to the heat of 
vaporization is to be determined. 


Assumptions Heat losses from the steam generator are negligible. 


Properties The enthalpy of liquid water at 20°C is 83.91 kJ/kg. Other properties needed to solve this problem are the heat 
of vaporization hg, and the enthalpy of saturated liquid at the specified temperatures, and they can be obtained from Table 
A-4. 


Analysis The heat of vaporization of water represents the amount of heat needed to vaporize a unit mass of liquid at a 


specified temperature, and Ah represents the amount of heat needed to preheat a unit mass of water from 20°C to the 
saturation temperature. Therefore, 


d preheating = dboiling 
(hiar,, — hrac) =" aTa 
hiar, ~ 83.91 kWV/kg=hge@r,, > Afar, 


sat 


hy ar, =83.91 kI/kg 


The solution of this problem requires choosing a boiling 
temperature, reading hy and hg at that temperature, and 
substituting the values into the relation above to see if it is 
satisfied. By trial and error, (Table A-4) c 
old water 


At310°C:  hy@r_, —he@r,, = 1402.0 — 1325.9 = 76.1 kJ/kg 20°C 


Heater 


At315°C:  hy@r_, — fear, = 1431.6 — 1283.4 = 148.2 kJ/kg 


The temperature that satisfies this condition is determined from the two values above by interpolation to be 310.6°C. The 
saturation pressure corresponding to this temperature is 9.94 MPa. 


5-161 An ideal gas expands in a turbine. The volume flow rate at the inlet for a power output of 350 kW is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties The properties of the ideal gas are given as R = 0.30 kPa.m*/kg.K, Cp = 1.13 kI/kg-°C, cy = 0.83 kI/kg-°C. 


Analysis We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


i ‘ _ : 70 (steady) Sa 
Ein = Eout = AE system =0 P, = 900 kPa 
Rate of net energy transfer Rate of change in internal, kinetic, T, = 1200K 
by heat, work, and mass potential, etc. energies 


En =Ë >mh; =W +h, (since Q = Ake = Ape = 0) 


in 


out 


which can be rearranged to solve for mass flow rate Ideal gas 


/ W, 
E L Au =0.6195 kg/s 
h -h, c,(T,-T,) (1.13kJ/kg.K)(1200 — 700)K 


The inlet specific volume and the volume flow rate are 


RT, _ (0.3 kPa - mĉ°/kg - K {1200 K) Gants 


P, 900 kPa 


T, = 700K 
Y= 
Thus, Ë = rhv; =(0.6195kg/s)(0.4m>/kg) = 0.248 m3/s 
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5-162 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 


Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18 kJ/kg.°C (Table A- 
3). 


Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 


Mehicken = (500 chicken /h)(2.2 kg / chicken) = 1100 kg/h = 0.3056kg/s 
Taking the chicken flow stream in the chiller as the system, 
the energy balance for steadily flowing chickens can be Immersion 
expressed in the rate form as chilling..0.5°C 
D : _ i 70 (steady) 

Ein = Eou = AE system = =0 

— ——S 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein = E out 


rah, = Qo + Mh, (since Ake = Ape = 0) 


Qout = Qehicken =r chicken p (í ~ T,) 


Then the rate of heat removal from the chickens as they are cooled 
from 15°C to 3°C becomes 


Qchicken =(MC AT ) chicken = (0.3056 kg/s)(3.54 kJ/kg. C)(15—3)°C = 13.0 kW 


The chiller gains heat from the surroundings at a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the water 
is 


Ò water = Ovnicken + Oise gain — 13.0 + 0.056 = 13.056 kW 


Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


Q rater 13.056 kW 


M water = = = 1.56 kg/s 
(c,AT) (4.18 KJ/kg C\2°C) 


water 


If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 
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5-163 Chickens are to be cooled by chilled water in an immersion chiller. The rate of heat removal from the chicken and the 
mass flow rate of water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of chickens and water are constant. 3 Heat gain 
of the chiller is negligible. 


Properties The specific heat of chicken are given to be 3.54 kJ/kg.°C. The specific heat of water is 4.18 kJ/kg.°C (Table A- 
3). 


Analysis (a) Chickens are dropped into the chiller at a rate of 500 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 


Mehicxen = (500 chicken / h)(2.2 kg / chicken) = 1100 kg/h = 0.3056kg/s 


chicken 


Taking the chicken flow stream in the chiller as the system, the 
energy balance for steadily flowing chickens can be expressed in the 
rate form as 


Immersion 
chilling, 0.5°C 


: : _ - 70 (steady) = 
Ein oe Eout = INE sign =0 
CSa 
Rate of net energy transfer Rate of change in internal, kinetic, r 
by heat, work, and mass potential, etc. energies Chicken 
g 5°C 
E in 7 E out 


mh, = Q +h, (since Ake = Ape = 0) 


Qout = Qehicken = MehickenC p (í E T3) 


Then the rate of heat removal from the chickens as they are cooled from 
15°C to 3°C becomes 


Dede =(mc ,AT) chicken = (0.3056 kg/s)(3.54 kJ/kg.° C)(15 -3)° C = 13.0 kW 
Heat gain of the chiller from the surroundings is negligible. Then the total rate of heat gain by the water is 


One Ques =13.0 kW 


Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


it _ Q vater = 10 al 
nae (a AT) (4.18 kI/kg.° C)(2° C) 


= 1.56 kg/s 


water 


If the mass flow rate of water is less than this value, then the temperature rise of water will have to be more than 2°C. 
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5-164 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 

Properties The average density and specific heat of milk can be taken to be Pnie = Pwater = 1 kg/L and Cp, mik = 3.79 
kJ/kg.°C (Table A-3). 


Analysis The mass flow rate of the milk is | 
Mik = Vit on Hot milk 
= (1kg/L)(20 L/s) = 20 kg/s 72°C 


= 72,000 kg/h = 


Taking the pasteurizing section as the system, the energy balance 
for this steady-flow system can be expressed in the rate form as 


i i z - 70 (steady) > à 
Ein > Eont ~ AE system kas =0 Q 


Rate of net energy transfer Rate of change in internal, kinetic, 3 —— 
by heat, work, and mass potential, etc. energies F 
EEr Cold milk 
a ue Regenerator “ 
Q,, + mh, =mh, (since Ake = Ape = 0) i 


Qin = MmikCp (T —T,) 
Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 


O carient z [mc,, C rasturizatoi =~ T efigeration )lmiik 


= (20 kg/s)(3.79 kJ/kg.ëC)(72 — 4)°C = 5154 kJ/s 
The proposed regenerator has an effectiveness of ¢ = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Qgaved = EQourrent = (0-82)(5154 kI/s) = 4227 kJ/s 
Noting that the boiler has an efficiency of nboiler = 0.90, the energy savings above correspond to fuel savings of 


Qsaved _ 4227kI/s 1therm 
Moor 0.90 105,500kJ 


FuelSaved = = 0.04452 therm/s 


Noting that 1 year = 365 x 24 = 8760 h and unit cost of natural gas is $1.10/therm, the annual fuel and money savings will 
be 


Fuel Saved = (0.04452 therms/s)(8760 x 3600 s) = 1.404 x 10° therms/yr 
Money saved = (Fuel saved)(Unit cost of fuel) 

= (1.404 x 10° therm/yr)($1.10/therm) 

= $1.544 x 10° lyr 
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5-165E A refrigeration system is to cool eggs by chilled air at a rate of 10,000 eggs per hour. The rate of heat removal from 
the eggs, the required volume flow rate of air, and the size of the compressor of the refrigeration system are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The eggs are at uniform temperatures before and after cooling. 3 The 
cooling section is well-insulated. 4 The properties of eggs are constant. 5 The local atmospheric pressure is | atm. 


Properties The properties of the eggs are given to p = 67.4 lbm/ft® and Cp = 0.80 Btu/lbm.°F. The specific heat of air at 
room temperature c, = 0.24 Btu/lbm. °F (Table A-2E). The gas constant of air is R = 0.3704 psia.ft’/Ibm.R (Table A-1E). 


Analysis (a) Noting that eggs are cooled at a rate of 10,000 eggs per hour, eggs can be considered to flow steadily through 
the cooling section at a mass flow rate of 


Hitege = (10,000 eggs/h)(0.14 Ibm/egg)= 1400 Ibm/h=0.3889 Ibm/s 


Taking the egg flow stream in the cooler as the system, the energy balance ras 


for steadily flowing eggs can be expressed in the rate form as 
0.14 Ibm 
z 2 A 70 (steady) = 
Ein 7 Eou 7 AE tein =0 Air 
Rate of net energy transfer Rate of change in internal, kinetic, 34°F 
by heat, work, and mass potential, etc. energies 
. . —_ 
E =E — 
in out 

—> 


rah, = Q + mh, (since Ake = Ape = 0) 


Qout = 0.22 = MeggCp í -T,) 


Then the rate of heat removal from the eggs as they are cooled from 90°F to 50°F at this rate becomes 


Qoog =(1i1C AT) ogg = (1400 Ibm/h)(0.80 Btu/Ibm.°F)(90 — 50)°F = 44,800 Btu/h 


(b) All the heat released by the eggs is absorbed by the refrigerated air since heat transfer through he walls of cooler is 
negligible, and the temperature rise of air is not to exceed 10°F. The minimum mass flow and volume flow rates of air are 
determined to be 


Qar = 2 44,800 Btu/h 


Mair = = 18,667 Ibm/h 
(cpAT) qi,  (0.24Btu/Ibm.°F)(10°F) 


P. 14.7 psia 
RT (0.3704 psia.ft?/lbm.R)(34 + 460)R 
Tair _ 18,667 Ibm/h 


Pair 0.0803 Ibm/ft® 


= 0.0803 Ibm/ft® 


Pair = 


= 232,500 ft?/h 
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5-166 Glass bottles are washed in hot water in an uncovered rectangular glass washing bath. The rates of heat and water 
mass that need to be supplied to the water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The entire water body is maintained at a uniform temperature of 55°C. 
3 Heat losses from the outer surfaces of the bath are negligible. 4 Water is an incompressible substance with constant 
properties. 


Properties The specific heat of water at room temperature is c, = 4.18 kJ/kg.°C. Also, the specific heat of glass is 0.80 
kJ/kg.°C (Table A-3). 


Analysis (a) The mass flow rate of glass bottles through the water bath in steady operation is 


Myottle = Mpottle X Bottle flow rate = (0.150 kg / bottle)(800 bottles / min) = 120 kg/ min = 2 kg/s 


Taking the bottle flow section as the system, which is a steady- 
flow control volume, the energy balance for this steady-flow 
system can be expressed in the rate form as 


Water bath 
55°C 


Én E3 Éu 7 AE 70 (steady) =0 


system 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = E out 


Q +mh = mh, (since Ake = Ape = 0) 
Qn = Qhottle = MwaterC p (T, a Tı) . 
Then the rate of heat removal by the bottles as they are heated from 20 to 55°C is Q 


Qhottle = bottleCp AT = (2 kg/s)(0.8 kI/kg.° C)\(55 - 20) C= 56,000 W 


The amount of water removed by the bottles is 


m = (Flow rate of bottles (Water removed per bottle) 


water,out 
= (800 bottles / min (0.2 g/bottle) = 160 g/min = 2.67x10 * kg/s 
Noting that the water removed by the bottles is made up by fresh water entering 


at 15°C, the rate of heat removal by the water that sticks to the bottles is 


Q water removed = M water removed € p AT = (2-67 x10” kg/s)(4180 J/kg? C)(55—15)° C= 446 W 


Therefore, the total amount of heat removed by the wet bottles is 


56,000 + 446 = 56,446 W 


Qtotal, removed — Q glass removed + Q water removed — 


Discussion In practice, the rates of heat and water removal will be much larger since the heat losses from the tank and the 
moisture loss from the open surface are not considered. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-134 


5-167 Long aluminum wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat 
transfer from the wire is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 
Properties The properties of aluminum are given to be p= 2702 kg/m’ and Cp = 0.896 kJ/kg.°C. 
Analysis The mass flow rate of the extruded wire through the air is 

m= pV = p(arg W = (2702 kg/m? )(0.0025 m) (8 m/min) = 0.4244 kg/min = 0.007074 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 


£ : = s 70 (steady) _ 
Ein z Eout = AE, ystem =0 2 ahd a 
— a x = k 

Rate of net energy transfer Rate of change in internal, kinetic, b tri ; 
by heat, work, and mass potential, etc. energies ; Si was 
` 7 p ee 
Ein = Eut Ti jx 5, ae 

p : r 2 ae ha mt 
mh, = Qa + Mh, (since Ake = Ape = 0) ry The 
è z . a rip, i ae A 

Qout = Qwire = Myire€ p (í a Ty) eae: it eer a 


Then the rate of heat transfer from the wire to the air becomes 


Q = mc „IT (t) —T,,]= (0.007074 kg/s)(0.896 kI/kg.°C)(350 — 50)°C = 1.90 kW 


5-168 Long copper wires are extruded at a velocity of 8 m/min, and are exposed to atmospheric air. The rate of heat transfer 
from the wire is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the wire are constant. 
Properties The properties of copper are given to be p = 8950 kg/m’ and Cp = 0.383 kJ/kg.°C. 
Analysis The mass flow rate of the extruded wire through the air is 

t= pV = p(ar W = (8950 kg/m? )z (0.0025 m)? (8 / 60 m/s) = 0.02343 kg/s 


Taking the volume occupied by the extruded wire as the system, which is a steady-flow control volume, the energy balance 
for this steady-flow system can be expressed in the rate form as 


: u _ č 70 (steady) = 
Ein ~ Eou = AE;ystem =0 i ae was 
f f Roast A 
Rate of net energy transfer Rate of change in internal, kinetic, bii i 
by heat, work, and mass potential, etc. energies Pa as p 350°C 8 m/min 
F AE EANAN = 
E,, SE er ger ete Has 
in out eo a 
oa ies 
mh, = Qut + mh, (since Ake = Ape = 0) sae ah E Copper wire 
; R aes Se 
; mi. i pl 
Qout = Qwire = Myire€ p (í g T,) ae a 


Then the rate of heat transfer from the wire to the air becomes 


Q = mc (T(t) —T,, ] = (0.02343 kg/s)(0.383 kI/kg.°C)(350 — 50)°C = 2.69 kW 
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5-169 Steam at a saturation temperature of Tsa = 40°C condenses on the outside of a thin horizontal tube. Heat is transferred 
to the cooling water that enters the tube at 25°C and exits at 35°C. The rate of condensation of steam is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant properties at room 
temperature. 3 The changes in kinetic and potential energies are negligible. 


Properties The properties of water at room temperature are p = 997 kg/m? and Cp = 4.18 kJ/kg.°C (Table A-3). The 
enthalpy of vaporization of water at 40°C is hg = 2406.0 kJ/kg (Table A-4). 


Analysis The mass flow rate of water through the tube is 
Mater = PVA. = (997 kg/m? )(2 m/s)[7(0.03 m)? / 4] = 1.409 kg/s 


Taking the volume occupied by the cold water in the tube as the system, which is a steady-flow control volume, the energy 
balance for this steady-flow system can be expressed in the rate form as 


: É = i 70 (steady) om team 
Ein on Fe = AE system =0 Ste 
De aon 40°C 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 35°C 
Ein = Fut Cold 
Water 


Qin + mh, = mh, (since Ake = Ape = 0) es 
Qn z Ore = MwaterC p T, ~ T) 
Then the rate of heat transfer to the water and the rate of condensation become 
Q= MC p (Tout — Tin) = (1.409 kg/s)(4.18 kJ/kg - °C)(35 — 25)°C = 58.9 kW 
basi , Q 58.9 KJ/s 
=m, gh >m = = 
Q= Meong > Meond = y 2406.0 kJ/kg 


=0.0245 kg/s 
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5-170E Steam is mixed with water steadily in an adiabatic device. The temperature of the water leaving this device is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 4 There is no heat transfer between the mixing device and the 
surroundings. 


Analysis We take the mixing device as the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


á = AO (steady) _ 
Ein ~ E out zE AE system =0 Steam 
Rate of net energy transfer Rate of change in internal, kinetic, 60 psia 
by heat, work, and mass potential, etc. energies p 
350°F 


Ein =E out 0.05 Ibm/s & 
mh, +mh, = mh; DN 


© 


From a mass balance @— 60psia 
m, = m, +m, =0.05+1=1.05 lbm/s Water © 
. 60 psia D 
The enthalpies of steam and water are (Table A-6E and A-4E) 40°F 
P, = 60 psia 1 Ibm/s 
h, =1208.3 Btu/lbm 
T; =350°F 
P, = 60 psia 
h, =h op = 8.032 Btu/lbm 
T, = 40°F | Be hie en 


Substituting into the energy balance equation solving for the exit enthalpy gives 


mh, +m hy _ (0.05 Ibm/s)(1208.3 Btu/lbm) + (1 Ibm/s)(8.032 Btu/Ibm) 
m3 1.05 lbm/s 


h; = = 65.19 Btu/lbm 


At the exit state P3=60 psia and h3=65.19 kJ/kg. An investigation of Table A-5E reveals that this is compressed liquid state. 
Approximating this state as saturated liquid at the specified temperature, the temperature may be determined from Table A- 
4E to be 


P, = 60 psia 


h. =65.19 Btu/Ibm | T; = Tf @h=65.19 Btulbm = 97-2°F 
3 =65. 


Discussion The exact answer is determined at the compressed liquid state using EES to be 97.0°F, indicating that the 
saturated liquid approximation is a reasonable one. 
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5-171 A constant-pressure R-134a vapor separation unit separates the liquid and vapor portions of a saturated mixture into 
two separate outlet streams. The flow power needed to operate this unit and the mass flow rate of the two outlet streams are 
to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work and heat interactions. 


Analysis The specific volume at the inlet is (Table A-12) 


P, =320kPa 3 
ae V =V +X, -Vr ) = 0.0007772 + (0.55)(0.06360 — 0.0007772) = 0.03533 m” /kg 
x =0. 
The mass flow rate at the inlet is then 
R-134a 
VY, 0.006 m/s 320 kPa Saturated 
m =— = = 0.1698 kg/s 5 i 
1 v, 0.03533 m? ig x=0.55 Vapor separation vapor 


6 L/s unit 
For each kg of mixture processed, 0.55 kg of vapor are 
processed. Therefore, 

m, = 0.7m; = 0.55 x 0.1698 = 0.09340 kg/s 

m, =m, —m, = 0.45m; = 0.45 x 0.1698 = 0.07642 kg/s 


Saturated 
liquid 


The flow power for this unit is 
Waow = Pav + rh, Pv; — m, Piv, 
= (0.09340 kg/s)(320 kPa)(0.06360 m?/kg) + (0.07642 kg/s)(320 kPa)(0.0007772 m°/kg) 


— (0.1698 kg/s)(320 kPa)(0.03533 m*/kg) 
=0kW 
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5-172E A small positioning control rocket in a satellite is driven by a container filled with R-134a at saturated liquid state. 
The number of bursts this rocket experience before the quality in the container is 90% or more is to be determined. 


Analysis The initial and final specific volumes are 


T, =-10°F ; 
i v, =0.01171ft°/lbm (Table A-11E) 
X = 
T, = -10°F : 
ooo | Y2 TUF tX2¥ y =0.01171+ (0.90)(2.7091 — 0.01171) = 2.4394 ft? /lbm 
X2 = y, 


The initial and final masses in the container are 


3 
ma Lect b 
vi 0.01171m°/kg 
V 2ft? 


==; =m = 0.8199 Ibm 
V2 2.4394 ft /lbm 


Then, 


Am =m, —m, =170.8- 0.8199 = 170.0 lbm 
The amount of mass released during each control burst is 
Am, = mAt = (0.05 Ibm/s)(5s) = 0.25 Ibm 
The number of bursts that can be executed is then 


_ Am — 170.0 lbm 


= = —————— = 680 bursts 
Am, 0.25 Ibm/burst 


b 
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5-173E The relationships between the mass flow rate and the time for the inflation and deflation of an air bag are given. 
The volume of this bag as a function of time are to be plotted. 


Assumptions Uniform flow exists at the inlet and outlet. 
Properties The specific volume of air during inflation and deflation are given to be 15 and 13 ft’/lbm, respectively. 
Analysis The volume of the airbag at any time is given by 
v= fad- fud 
in flow time out flow time 


Applying at different time periods as given in problem statement give 


20 mm Is 


tdt 0<t<10ms 
1000 ms 


t 
K 3 
V(t)= J (15 f° Ibm) 


t 
V(t) = [o.o1se? fii/ms? O0<t<10ms 
0 


ls 
1000 ms 


V(t) = V(10 ms) + f (15 ft3/Ibm)(20 tos 


10 ms 


Jar 10 <t<12 ms 


V(t) =V(10 ms) +0.03 ft?/ms*(t-10ms) 10<t<12ms 


V(t) = V(12 ms) + 0.03 ft? /ms? (t -12 ms) 


16 lbm/s í Is 
(30-12) ms \ 1000 ms 


t 
f (13 ft3/Ibm) 


12 ms 


k 12ms)dt 12 <t <25 ms 


V(t) = V (12 ms) + 0.03 ft?/ms? (t -12 ms) 


t 
I fo.o11556 ft?/ms? (t-12 ms)dt 12<t<25ms 


12 ms 


V(t) = V(12 ms) + 0.03 ft*/ms? (t-12 ms) 


— 2.011596 (42 144 ms?) +0.13867(t-12 ms) 12<t<25ms 


(t? —625 ms”) +0.13867(t-25ms) 25<t<30ms 


V(t) =V(25 ms)- nET > 


ls 
1000 ms 


V(t) = V80 ms) - f (13 A Nbmy16 mis 


12 ms 


ja 30 <t < 50 ms 


V(t) = V(30 ms) — (0.208 ft?/ms)(t-30 ms) 30 <t <50ms 
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The results with some suitable time intervals are 


6 
Time, ms V, ft’ 
0 0 
2 0.06 5 
4 0.24 
6 0.54 a 
8 0.96 = 
10 1.50 v 
12 2.10 E 3 
15 2.95 © 
20 4.13 z 
25 5.02 2 
27 4.70 
30 4.13 i 
40 2.05 
46 0.80 
49.85 0 0 


Time [ms] 


Alternative solution 


The net volume flow rate is obtained from 
V = (110) in — (TY) ou 

which is sketched on the figure below. The volume of the airbag is given by 
V= f uit 


The results of a graphical interpretation of the volume is also given in the figure below. Note that the evaluation of the 
above integral is simply the area under the process curve. 


400 6 
300 
ES 5 5,03 
200 | 
150 
bi 4 4.14 
v 
o = 
f- M 
= o0 = 3 
a 
100 E 7 
150 2l—210 
-200 mia 
300 1 
400 | 
0 10 20 30 40 50 60 o 


time [mlllisec] 0 10 20 30 40 50 60 
time [millisec] 
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5-174E A winterizing project is to reduce the infiltration rate of a house from 2.2 ACH to 1.1 ACH. The resulting cost 
savings are to be determined. 


Assumptions 1 The house is maintained at 72°F at all times. 2 The latent heat load during the heating season is negligible. 3 
The infiltrating air is heated to 72°F before it exfiltrates. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The changes in kinetic and potential energies are negligible. 6 Steady flow conditions exist. 


Properties The gas constant of air is 0.3704 psia.ft’/Ibm-R (Table A- 
1E). The specific heat of air at room temperature is 0.24 Btu/lbm-°F 
(Table A-2E). 


Analysis The density of air at the outdoor conditions is 


P -5 psi 
b. 13 psia = 0.0734 Ibm/ft? i 
RT, (0.3704 psia.ft?/Ibm.R)(496.5 R) pee “DE 


Po = 
The volume of the house is 
Yjuiiding = (Floor area)(Height) = (4500 ft? )(9 ft) = 40,500 ft? 


We can view infiltration as a steady stream of air that is heated as it flows in an imaginary duct passing through the house. 
The energy balance for this imaginary steady-flow system can be expressed in the rate form as 


: E À 70 (steady) = 
Ein T Eout = AE system =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein =E out 


Qn +h, = rhhy (since Ake = Ape = 0) 
Qn = hc (T, -T,) = pe, (T, -T,) 


The reduction in the infiltration rate is 2.2 — 1.1 = 1.1 ACH. The reduction in the sensible infiltration heat load 
corresponding to it is 


Qintiltration, saved 7 PoC p (ACH saved XVpuilding XT; > T,) 
= (0.0734 lbm/ft? )(0.24 Btu/Ibm.°F)(1.1/h)(40,500 ft? )(72 — 36.5)°F 
= 27,860 Btu/h = 0.2786 therm/h 


since | therm = 100,000 Btu. The number of hours during a six month period is 6x30x24 = 4320 h. Noting that the furnace 
efficiency is 0.92 and the unit cost of natural gas is $1.24/therm, the energy and money saved during the 6-month period are 


Energy savings = (Q riiin saved (NO. of hours per year)/Efficiency 
= (0.2786 therm/h)(4320 h/year)/0.92 
= 1308 therms/year 


Cost savings = (Energy savings)(Unit cost of energy) 
= (1308 therms/year)($1.24/therm) 
= $1622/lyear 


Therefore, reducing the infiltration rate by one-half will reduce the heating costs of this homeowner by $1622 per year. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


5-142 


5-175 Outdoors air at -5°C and 90 kPa enters the building at a rate of 35 L/s while the indoors is maintained at 20°C. The 
rate of sensible heat loss from the building due to infiltration is to be determined. 


Assumptions 1 The house is maintained at 20°C at all times. 2 The latent heat load is negligible. 3 The infiltrating air is 
heated to 20°C before it exfiltrates. 4 Air is an ideal gas with constant specific heats at room temperature. 5 The changes in 
kinetic and potential energies are negligible. 6 Steady flow conditions exist. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg-K. The specific heat of air at room temperature is Cp = 1.005 
kJ/kg-°C (Table A-2). 


Analysis The density of air at the outdoor conditions is 


P 
Po =—2-= oes =1.17 kg/m} 
RT, (0.287 kPa.m°/kg.K)(-5 + 273 K) Warm 

. air f 

We can view infiltration as a steady stream of air that is heated gor ak el 

as it flows in an imaginary duct passing through the building. -5°C 20°C 

The energy balance for this imaginary steady-flow system can - T 
s 


be expressed in the rate form as 


3 $ = $ 70 (steady) = 
Ein = cout ow AE ;ystem =0 
PaE SEAL SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 


Qa + mh, =mh, (since Ake = Ape = 0) 
Qn = mc (T, -T,) 
Then the sensible infiltration heat load corresponding to an infiltration rate of 35 L/s becomes 
Qintittration = Po Vair€ p (T; =T; ) 


= (1.17 kg/m? )(0.035 m?/s)(1.005 kJ/kg.°C)[20 - (-5)]°C 
=1.029 kw 


Therefore, sensible heat will be lost at a rate of 1.029 kJ/s due to infiltration. 
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5-176 Chilled air is to cool a room by removing the heat generated in a large insulated classroom by lights and students. 
The required flow rate of air that needs to be supplied to the room is to be determined. 


Assumptions 1 The moisture produced by the bodies leave the room as vapor without any condensing, and thus the 
classroom has no latent heat load. 2 Heat gain through the walls and the roof is negligible. 4 Air is an ideal gas with 
constant specific heats at room temperature. 5 Steady operating conditions exist. 


Properties The specific heat of air at room temperature is 1.005 kJ/kg-°C (Table A-2). The average rate of sensible heat 
generation by a person is given to be 60 W. 


Analysis The rate of sensible heat generation by the people in the room and the total rate of sensible internal heat 
generation are 


Oh tans = een, sensible (No. of people) = (60 W/person)(150 persons) = 9000 W 
Og sensible — ae sensible + Qhichting = 9000 + 6000 = 15,000 W 


Both of these effects can be viewed as heat gain for the chilled air Chilled air Return air 
stream, which can be viewed as a steady stream of cool air that is 15°C 25°C 
heated as it flows in an imaginary duct passing through the room. The | | 


energy balance for this imaginary steady-flow system can be 
expressed in the rate form as 


2 ` : 70 (steady) = 
Ein E E out T AE stein =0 
— ——— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eou 


Qn + mh, =mh, (since Ake = Ape = 0) 


Qin z Qiotal, sensible = mc, (T, T T) 


Then the required mass flow rate of chilled air becomes 


_ Ong sensible _ 15 kJ/s 
cpAT (1.005 kJ/kg °C)(25-15)°C 


m = 1.49 kg/s 


air 


Discussion The latent heat will be removed by the air-conditioning system as the moisture condenses outside the cooling 
coils. 
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5-177 A fan is powered by a 0.5 hp motor, and delivers air at a rate of 85 m*/min. The highest possible air velocity at the 
fan exit is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus 

Amcy =0 and AEçy =0. 2 The inlet velocity and the change in potential energy are negligible, V, = 0 and Ape=0. 3 
There are no heat and work interactions other than the electrical power consumed by the fan motor. 4 The efficiencies of 
the motor and the fan are 100% since best possible operation is assumed. 5 Air is an ideal gas with constant specific heats at 
room temperature. 


Properties The density of air is given to be p = 1.18 kg/m’. The constant pressure specific heat of air at room temperature 
is Cp = 1.005 kJ/kg.°C (Table A-2). 


Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there is only one inlet and one exit, and thus m, =m, =m. 


The velocity of air leaving the fan will be highest when all of the entire electrical energy drawn by the motor is 
converted to kinetic energy, and the friction between the air layers is zero. In this best possible case, no energy will be 
converted to thermal energy, and thus the temperature change of air will be zero, 7, = 7,. Then the energy balance for this 


steady-flow system can be expressed in the rate form as 


“ 7 RA : 70 (steady) = 

Ein ~ E out T AE system =0 

+ x T, 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

E in 7 E out 
s A p 2 . K A 
Wein + mh, = m(h, +V3/2) (since V; = 0 and Ape = 0) 


Noting that the temperature and thus enthalpy remains constant, the relation above 
simplifies further to 


Wein = MV? /2 0.5 hp 
85 m?/min 


where 
rù = pV = (1.18 kg/m? )(85 m°?/min) = 100.3 kg/min = 1.67 kg/s 
Solving for V, and substituting gives 


‘ se _ [2@Shp)(745.7WY 1m? /s?) a n 
f m 1.67kg/s\ Lhp 1W ` 


Discussion In reality, the velocity will be less because of the inefficiencies of the motor and the fan. 
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5-178 The average air velocity in the circular duct of an air-conditioning system is not to exceed 8 m/s. If the fan converts 
80 percent of the electrical energy into kinetic energy, the size of the fan motor needed and the diameter of the main duct 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus 
Amey =0 and AE cy =0. 2 The inlet velocity is negligible, V; = 0. 3 There are no heat and work interactions other than 


the electrical power consumed by the fan motor. 4 Air is an ideal gas with constant specific heats at room temperature. 


Properties The density of air is given to be p = 1.20 kg/m’. The constant pressure specific heat of air at room temperature 
is cp = 1.005 kJ/kg.°C (Table A-2). 


Analysis We take the fan-motor assembly as the system. This is a control volume since mass crosses the system boundary 
during the process. We note that there is only one inlet and one exit, and thus m, = m, = m. The change in the kinetic 


energy of air as it is accelerated from zero to 8 m/s at a rate of 130 m/min is 
m= pV = (1.20 kg/m?)(130 m3/min) = 156 kg/min = 2.6 kg/s 


2472 2 
AKE = rn 2 Mi (26kgs) SO) “( ee = : 
2 2 1000 m? /s 


= 0.0832 kW 


It is stated that this represents 80% of the electrical energy consumed 
by the motor. Then the total electrical power consumed by the motor 
is determined to be 


0.7W, 


motor 


DAKE —> W.. - SKE _ 0-0832 kW 


TON = 0.104 kw 
0.8 0.8 


The diameter of the main duct is 


V =VA=V(aD?/4) > D= 


AU (ee m° / min) (! min 


j =0.587 m 
aV z (8 m/s) 60s 


Therefore, the motor should have a rated power of at least 0.104 kW, and the diameter of the duct should be at least 58.7 
cm 
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5-179 An adiabatic air compressor is powered by a direct-coupled steam turbine, which is also driving a generator. The net 
power delivered to the generator is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Properties From the steam tables (Tables A-4 through 6) 


P, =12.5 MPa 
h, = 3343.6 kJ/kg 
T, = 500°C 
and 
P, = 10 kPa 
hy = hy + x4h g =191.81+4 (0.92)2392.1) = 2392.5 kJ/kg 
x4 = 0.92 
From the air table (Table A-17), 
T, =295 K —> h; =295.17 kJ/kg 2 12.5 MPa , 
1MPa 500°C 
T, =620K > h, = 628.07 kJ/kg 620 K 


Analysis There is only one inlet and one exit for either device, 
and thus m = =m_. We take either the turbine or the 


compressor as the system, which is a control volume since mass 


out 


crosses the boundary. The energy balance for either steady-flow 
system can be expressed in the rate form as 4 
1 98 kPa 
: : : 70 (stead 
Ein z Eout F AE,ystem ao =0 295 K 
— einne eea 10 kPa 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eont 


For the turbine and the compressor it becomes 


Compressor: 


Weomp, in + Mair hy = Mair hy = Weomp, in 


= Mair (hy me hy) 
Turbine: 
Meteam!3 = Wirurb, out + Msteam!a > Wrarb, out = steam (hg = h4) 


Substituting, 


Wesmip.in 


= (10 kg/s (628.07 — 295.17) kJ/kg = 3329 kW 
W, = (25 kg/s)\(3343.6 — 2392.5) kJ/kg = 23,777 kW 


turb,out 


Therefore, 


Waet,out = Weurb,out — Weomp,in = 23,777 — 3329 = 20,448 kW 
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5-180 Helium is compressed by a compressor. The power required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Helium is an ideal gas with constant specific heats. 4 The compressor is adiabatic. 


Properties The constant pressure specific heat of helium is c, = 5.1926 kJ/kg-K. The gas constant is R = 2.0769 kJ/kg:K 
(Table A-2a). 
Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the compressor as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


x È = $ 70 (steady) ps 
Ein = E out = AE system =0 
Å — 
Rate of net energy transfer Rate of change in internal, kinetic, 400 kPa 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


Compressor 


Wi, +mh; =mh, (since Ake = Ape = 0) 
Win = tin(hy —hy) =the, (T, =T, ) 


The specific volume of air at the inlet and the mass flow rate are 150 kPa 
20°C 
RT, _ (2.0769kPa-m*/kg-K)(20+273K 
E 1 _ (2.0769 kPa -m` /kg -K)(20+273 ) _ 4.0569 m3/kg 
P 150 kPa 


pa AV O1 m*)(15 m/s) 


3 = 0.3697 kg/s 
vi 4.0569 m~ /kg 


Then the power input is determined from the energy balance equation to be 


Win = rhc „ (T, —T,) = (0.3697 kg/s)(5.1926 kJ/kg - K)(200 -20)K = 345.5 kW 
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5-181 Saturated R-134a vapor is compressed to a specified state. The power input is given. The rate of heat transfer is to be 
determined. 
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 
Properties From the R-134a tables (Table A-11) 

T, =10°C 

h; = 256.16 kJ/kg 

Xx} = 
Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 
rate form as 


d : = ` 0 (steady) = 
Ein ~ E out = AE system =0 1400 kPa 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 50 m/s 
by heat, work, and mass potential, etc. energies 
E.. =E 


in 


7 : f v? , Ve 
Win — Qout +m) hy secre cll h, seers (since Ape = 0) 
: F f V. 2 o 
Qout = Win + an -h Ye) pee 
Substituting, 


2 
ome =W,, + a(n = hy E a 


2 
= 132.4 kW + (5 kg/s)| 256.116 - 281.39)kJ/kg - O2™S) í nee z) 
2 1000 mĉ°/s 


=0.02 kW 


which is practically zero and therefore the process is adiabatic. 
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5-182 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the 
ballast tank until it is entirely filled with air. The final temperature and mass of the air in the ballast tank are to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 The process is adiabatic. 3 There are no work interactions. 


Properties The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1). The specific heat ratio of air at room temperature 
is k= 1.4 (Table A-2a). The specific volume of water is taken 0.001 m*/kg. 


Analysis The conservation of mass principle applied to the air gives 


dm, 


dt Min 


and as applied to the water becomes 


The first law for the ballast tank produces 


RT i OW st he th 


0 
dt dt i S 


Combining this with the conservation of mass expressions, rearranging and canceling the common dt term produces 
d(mu), +d(mu)„ =h,dm, +h,,dm,, 

Integrating this result from the beginning to the end of the process gives 
[(mu), - (mu), l +[mu), - (mu), J, =h (Mm -mM )a +h, (Mm =Mı)w 


Substituting the ideal gas equation of state and the specific heat models for the enthalpies and internal energies expands this 
to 


PV, PY, 
RT, RT, 


PY, PY, 
CJT: c 


mC, 
RT, v*2 RT, ) wl“ w~ w 


vl My Cw! w = Tol 


When the common terms are cancelled, this result becomes 


z oo = L = 386.8 K 
Li— (V, -V,) - (700-100) 
T, hls, 288 (1.4)(293) 


T) 


The final mass from the ideal gas relation is 


OPV (1500 kPa)(700 m°) -9460 kg 


m = 
? RT, (0.287 kPa-m3/kg -K)(386.8 K) 
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5-183 A submarine that has an air-ballast tank originally partially filled with air is considered. Air is pumped into the 
ballast tank in an isothermal manner until it is entirely filled with air. The final mass of the air in the ballast tank and the 
total heat transfer are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 There are no work interactions. 


Properties The gas constant of air is R = 0.287 kPa-m’/kg-K (Table A-1). The specific heats of air at room temperature are 
Cp = 1.005 kJ/kg:K and c,= 0.718 kJ/kg-K (Table A-2a). The specific volume of water is taken 0.001 m'/kg. 


Analysis The initial air mass is 


PV 3 
m, = M1 — ) =1814kg 
RT, (0.287 kPa : m°/kg - K)(288.15 K) 
and the initial water mass is 
V, 3 
yates a = 600,000 kg 
vı 0.001m°/kg 
and the final mass of air in the tank is 
PV. 1500 kP 3 
iue WMV (1500 kPa)(700 m`) -12,697 kg 


RT, (0.287 kPa-m?/kg- K)(288.15 K) 


The first law when adapted to this system gives 
Qi, +m;h; -m,h, =m,u, —mu, 
Qin = MU, —M,U, +m,h, —m;h; 
Qin =m,c,T -(Mma1C T +m,u,,)+m,h,, - (m, — m,)c,T 
Noting that 
u„ = họ, = 62.98 kJ/kg 
Substituting, 


Qi, = 12,697 x 0.718 x 288 — (1814 x 0.718 x 288 + 600,000 x 62.98) 
+ 600,000 x 62.98 — (12,697 — 1814) x 1.005 x 288 
=0kJ 


The process is adiabatic. 
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5-184 A cylindrical tank is charged with nitrogen from a supply line. The final mass of nitrogen in the tank and final 
temperature are to be determined for two cases. 
Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 
Properties The gas constant of nitrogen is 0.2968 kPa-m’/kg-K (Table A-1). The specific heats of nitrogen at room 
temperature are Cp = 1.039 kJ/kg-K and c,= 0.743 kJ/kg:K (Table A-2a). 
Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 


Min — Mout = AM > m,=m,—-m, 


system 
Energy balance: Air > 800 kPa, 25°C 

E in E out AE system 

— — 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
m;h; = mu, - m,u; 200 kPa 
m;C T; = mc, T, —mc,T, 25°C 


0.1 m? 


Combining the two balances: 


(m, —m,)c,T; =m,c,T, —mc,T, 
The initial and final masses are given by 
wae (200 kPa)(0.1m?) 
RT, (0.2968 kPa-m?/kg-K)(298 K) 


= 0.2261 kg 


_ PV (800kPa)(0.1m°) 269.5 
RT, (0.2968kPa-m*/kg-K)T, Tz 


My 


Substituting, 


K é 02261 }a.099,298 = = (0.743)T, — (0.2261)(0.743)(298) 
2 


2 


whose solution is 


T, =379.0K 
The final mass is then 
269.5 269.5 


m 0.7112k 
2? T, 379.0 3 


(b) When there is rapid heat transfer between the nitrogen and tank such that the cylinder and nitrogen remain in thermal 
equilibrium during the process, the energy balance equation may be written as 


(m — mM JC pT; = (Mnit, 2Co T2 + MCT) — (Mpi CUT) + M,C,T) ) 
Substituting, 
te 


2 


-0.2261 1.039125) = K 


2 


(0.743)T, + (50)(0.43)T, |- [(0.2261)(0.743)(298) + (50)(0.43)(298)] 


whose solution is 
T, = 300.7 K 


The final mass is then 


m, = 2095 _ 269.5 _ 0,8962 kg 


300.7 300.7 
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5-185 The air in a tank is released until the pressure in the tank reduces to a specified value. The mass withdrawn from the 
tank is to be determined for three methods of analysis. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energies are negligible. 4 There are no work or heat interactions involved. 


Properties The gas constant of air is 0.287 kPa-m’/kg-K (Table A-1). The specific heats of air at room temperature are Cp = 
1.005 kJ/kg-K and cy = 0.718 kJ/kg-K. Also k =1.4 (Table A-2a). 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 

Min Mout = AM system 
=m = My =m] 
Memmi =m; 


Energy balance: 


800 kPa 
Ein - E out AE system 25°C, 1 m? 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


—m,h, =m,u, -mu 
0 =m,u, -mu +m,h, 
0=m,c,T, —mc,T, + MeCpTe 
Combining the two balances: 
0=m,c,T, —m,c,T, +(m, -m, )cpTe 
The initial and final masses are given by 
OPV (800 kPa)(1 m°) 
RT, (0.287 kPa -m°?/kg-K)(25 +273 K) 


mı = 9.354 kg 


OPW (150KPa)(lm?)  _ 522.6 
RT, (0.287kPa-m°/kg-K)T, T 


My 


The temperature of air leaving the tank changes from the initial temperature in the tank to the final temperature during the 
discharging process. We assume that the temperature of the air leaving the tank is the average of initial and final 
temperatures in the tank. Substituting into the energy balance equation gives 


0 = m C,T —m,c,T, +(m, —My )C pT 


0= 522.6 
T. 


(0.718)T, —(9.354)(0.718)(298) + [os z S28 a oog 7ST 
2 


2 
whose solution is 
T, =191.0K 
Substituting, the final mass is 
m, = =" = 2.736 kg 
and the mass withdrawn is 
m, = m; - m, = 9.354- 2.736 = 6.618 kg 


(b) Considering the process in two parts, first from 800 kPa to 400 kPa and from 400 kPa to 150 kPa, the solution will be as 
follows: 


From 800 kPa to 400 kPa: 
OPV (400kPa)\(1m°) 1394 
RT, (0.287kPa-m*/kg-K)T, T, 


My 
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298 +T 
9 1394 (0.718)T, —(9.354)(0.718)(298) fossa 1394 Jooos 28272) 


T T 
T, =245.1K 
1394 
men ts eT 
2 = 7451 . 


Me, =m; —M, = 9.354 — 5.687 = 3.667 kg 
From 400 kPa to 150 kPa: 


245.14T. 
0= = © (0.718)T, —(5.687)(0.718)(245.1) {s.r z = *oo0s{ 752) 
2 2 


T, =186.5K 
nee OO OTs 
186.5 


m, =m, —m, = 5.687 — 2.803 = 2.884 kg 


The total mass withdrawn is 
M, = Me; +Me  =3.667 + 2.884 = 6.551kg 


(c) The mass balance may be written as 


dm _ Sh 
dt s 
When this is combined with the ideal gas equation of state, it becomes 
V da(P/T)_ 
R dt : 
since the tank volume remains constant during the process. An energy balance on the tank gives 
d(mu) . 
dt z -heme 
d(mT d 
J (MLI cpr Ee 
dt dt 


eee 7 YAP /T) 
Rd P” R dt 
dP _ (2 ra) 
P 


Cy 
dt dt T dt 
@ eyes dT 
Be Gp P dt 


When this result is integrated, it gives 


(k-1)/k 0.4/1.4 
P. 
T, =T,| = = gos Ko Oe) =184.7K 

P, 800 kPa 


The final mass is 
PV 3 

PV (Els ) -2830kg 
RT, (0.287 kPa-m°/kg-K)(184.7 K) 


My 


and the mass withdrawn is 
m, = m; - m, = 9.354- 2.830 = 6.524 kg 


Discussion The result in first method is in error by 1.4% while that in the second method is in error by 0.4%. 
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5-186 A tank initially contains saturated mixture of R-134a. A valve is opened and R-134a vapor only is allowed to escape 
slowly such that temperature remains constant. The heat transfer necessary with the surroundings to maintain the 
temperature and pressure of the R-134a constant is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the exit remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AM rete 
= Ne Mg =m 


Me =M -M3 


Energy balance: 


0.4kg, 1 L 
Ein — Eou = AE system 25°C 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin — Mehe = MzUy - Mu; 
Qin = M2U3 -Mu +Mehe 
Combining the two balances: 
Qin = M23 — MU, + (M; -mM )he 
The specific volume at the initial state is 


3 
pM O s E 
m, 0.4kg 


The initial state properties of R-134a in the tank are 


“%4-YF 0.0025 —0.0008313 
Se 0.05726 
V 0.029976 — 0.0008313 (Table A-11) 
Uy =U p + XU y =87.26 + (0.05726)(156.87) = 96.24 kJ/kg 


T; = 26°C Xi = 
v, = 0.0025 m°?/kg 


The enthalpy of saturated vapor refrigerant leaving the bottle is 


h, =hg @r6ec = 264.68 kJ/kg 
The specific volume at the final state is 


gel _ 0.001 m* - 001m? /ke 
? m,  Olkg ` 


The internal energy at the final state is 


Uy= VF _-0,01=0,0008313'- -aag 
Vg 0.029976—0.0008313 ` (Table A-11) 
U, =U f + XU y = 87.26 + (0.3146)(156.87) = 136.61 kJ/kg 


T, =26°C X% = 
v, =0.01m°/kg 


Substituting into the energy balance equation, 
Qin = mM2u3 — Muy + (mM, -m3 )he 
= (0.1kg)(136.61 kJ/kg) — (0.4 kg)(96.24 kJ/kg) + (0.4 — 0.1 kg)(264.68 kJ/kg) 
= 54.6 kJ 
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5-187 D Steam expands in a turbine steadily. The mass flow rate of the steam, the exit velocity, and the power output 
are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with 1 20 ki/kg 
time. 2 Potential energy changes are negligible. 
Properties From the steam tables (Tables A-4 through 6) | 
P, =7 MPa | v; =0.05567 m°/kg —3 
T; = 600°C | h; =3650.6 kJ/kg 
and 
P, =25 kPa m =V; + XV y = 0.00102 + (0.95)(6.2034 - 0.00102)= 5.8933 m*/kg 
x, =0.95 h, =h; + xhg =271.96 + (0.95 2345.5)= 2500.2 kJ/kg 2 


Analysis (a) The mass flow rate of the steam is 


. 1 1 
vi 0.05567 m°/kg 


(60 m/s\(0.015 m?)=16.17 kgls 


(b) There is only one inlet and one exit, and thus m; = m, =m. Then the exit velocity is determined from 


16.17k 37k 
i LA, „y, -792 _ 16 7 g/s)(5.8933 m’/kg) 
V5 Ay 0.14 m 


= 680.6 m/s 


(c) We take the turbine as the system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed in the rate form as 


š i = : 70 (steady) = 
Ein ~ Eout T AE ;ystem =0 
UA. —Y 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in — Eout 


(h, +V? /2)=W ut + Qour +h, +V7/2) (since Ape = 0) 
, v? -vř 
Wout = Qout ilt h; + - 2 ! | 


Then the power output of the turbine is determined by substituting to be 


(680.6 m/s)? —(60 m/s)? f 1 kJ/kg 
2 1000 m?/s? 


W, 


out ~~ 


(16.17 x 20) kI/s — (16.17 ko as -3650.6 + 


= 14,560 kw 
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EES 
5-188 Problem 5-187 is reconsidered. The effects of turbine exit area and turbine exit pressure on the exit velocity 
and power output of the turbine as the exit pressure varies from 10 kPa to 50 kPa (with the same quality), and the exit area 
to varies from 1000 cm? to 3000 cm? is to be investigated. The exit velocity and the power output are to be plotted against 
the exit pressure for the exit areas of 1000, 2000, and 3000 cm’. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='Steam_IAPWS' 

A[1]=150 [cm^2] 

T[1]=600 [C] 

P[1]=7000 [kPa] 

Vel[1]= 60 [m/s] 

A[2]=1400 [cm^2] 

P[2]=25 [kPa] 

q_out = 20 [kJ/kg] 

m_dot = A[1]*Vel[1]/v[1]*convert(cm^2,m^2) 

v[1]=volume(Fluid$, T=T[1], P=P[1]) "specific volume of steam at state 1" 
Vel[2]=m_dot*v[2]/(A[2]*convert(cm^2,m^2)) 

v[2]=volume(Fluid$, x=0.95, P=P[2]) "specific volume of steam at state 2" 
T[2]=temperature(Fluid$, P=P[2], v=v[2]) "[C]" "not required, but good to know" 


"[conservation of Energy for steady-flow:" 

"Ein_dot - Eout_dot = DeltaE_dot" "For steady-flow, DeltaE_dot = 0" 
DELTAE_dot=0 

"For the turbine as the control volume, neglecting the PE of each flow steam:" 
E dot_in=E_dot_out 

h[1]=enthalpy(Fluid$,T=T[1], P=P[1]) 

E_dot_in=m_dot*(h[1]+ Vel[1]^2/2*Convert(m^2/s^2, kJ/kg)) 
h[2]=enthalpy(Fluid$,x=0.95, P=P[2]) 

E_dot_out=m_dot*(h[2]+ Vel[2]^2/2*Convert(m^2/s^2, kJ/kg))+ m_dot *q_out+ W_dot_out 
Power=W_dot_out 

Q_dot_out=m_dot*q_out 


P2 Power Vel. 
[kPa] [kW] [m/s] 

10 -22158 2253 
14.44 -1895 1595 
18.89 6071 1239 
23.33 9998 1017 
27.78 12212 863.2 
32.22 13573 751.1 
36.67 14464 665.4 
41.11 15075 597.8 
45.56 15507 543 

50 15821 497.7 


Table values are for A[2]=1000 [cm^2] 
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5-189 Air is preheated by the exhaust gases of a gas turbine in a regenerator. For a specified heat transfer rate, the exit 


temperature of air and the mass flow rate of exhaust gases are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 Heat loss from the regenerator to the surroundings is negligible and thus heat 
transfer from the hot fluid is equal to the heat transfer to the cold fluid. 5 Exhaust gases can be treated as air. 6 Air is an 
ideal gas with variable specific heats. 


Properties The gas constant of air is 0.287 kPa.m*/kg.K (Table A-1). The enthalpies of air are (Table A-17) 


T, =550K > h =555.74kJ/kg 
T, =800K — h, =821.95kI/kg AIR 


T, = 600K — h, = 607.02 kJ/kg Į 


Exhaust 
Analysis (a) We take the air side of the heat exchanger as the system, ries 


eee : . Gases 
which is a control volume since mass crosses the boundary. There is only À 
one inlet and one exit, and thus m, = m, =m. The energy balance for this 
steady-flow system can be expressed in the rate form as 
; = : 70 (steady) 4 
En ~ E out z AE tenn =0 | 
—-— —— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


En E Ee 
Qin + Mair = MyM (since W = Ake = Ape = 0) 
Qn = Mair(ħ — hy) 
Substituting, 
3200 KJ/s = (800/60 kg/s\h, — 554.71 kJ/kg) + h, = 794.71 kJ/kg 
Then from Table A-17 we read 
Tə = 775.1K 


(b) Treating the exhaust gases as an ideal gas, the mass flow rate of the exhaust gases is determined from the steady-flow 
energy relation applied only to the exhaust gases, 


En = Eout 
Thexhausths = Qour + Mexnausthy (Since W = Ake = Ape = 0) 
Qu = Mexhaust (hs — hy) 
3200 kI/s = rMexhaust (821.95 - 607.02) kI/kg 
It yields 
m =14.9 kg/s 


exhaust 
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5-190 Water is to be heated steadily from 20°C to 55°C by an electrical resistor inside an insulated pipe. The power rating 
of the resistance heater and the average velocity of the water are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
Amey = 90 and AE cy =0. 2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 
energy changes are negligible, Ake = Ape = 0 . 4 The pipe is insulated and thus the heat losses are negligible. 


Properties The density and specific heat of water at room temperature are p = 1000 kg/m? and c = 4.18 kJ/kg-°C (Table A- 
3). 

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. Also, there is only one inlet and one exit and thus m, =m, =m. The energy balance for this steady-flow system 


can be expressed in the rate form as 
pt 


G : = z #0 (steady) = 
Ein F Eout = AE System =0 WATER 
v SOS ; 
Rate of net energy transfer Rate of change in internal, kinetic, 30 L/min — D= 5 cm 
by heat, work, and mass potential, etc. energies 
Ein = Eout 
Wsin + mh, = mh, (since Qout = Ake = Ape = 0) W, 
W, (hy — h,) = mh[c(T, -T,) + vAP”?] = me(T, -T,) 
ein = Mh — h) = m[c(T, —T,) +v ] = mc\T, -T 


The mass flow rate of water through the pipe is 

ri = pV, = (1000 kg/m?)(0.030 m?/min) = 30 kg/min 
Therefore, 

Wein = mc(T, —T,) = (30/60 kg/s)(4.18 kJ/kg.” C)(55 — 20)° C = 73.2 kW 
(b) The average velocity of water through the pipe is determined from 


_V_ V _ 0.030 m*/min 
A m’? n(0.025m)” 


= 15.3 m/min 
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5-191 D An insulated cylinder equipped with an external spring initially contains air. The tank is connected to a supply 
line, and air is allowed to enter the cylinder until its volume doubles. The mass of the air that entered and the final 
temperature in the cylinder are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The spring is a linear spring. 5 The device is insulated 
and thus heat transfer is negligible. 6 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg:K (Table A-1). The specific heats of air at room temperature are cy= 
0.718 and c, = 1.005 kJ/kg'K (Table A-2a). Also, u = c,T and h=c,T. 


Analysis We take the cylinder as the system, which is a control volume F 
since mass crosses the boundary. Noting that the microscopic energies of 
flowing and nonflowing fluids are represented by enthalpy h and internal 
energy u, respectively, the mass and energy balances for this uniform-flow 
system can be expressed as 


spring 


Mass balance: 


Min = Mout = AM > m =m-m 


system 
Energy balance: SMEA 
gy : T; = 22°C 
Ein J Eou E AE System E 0 <— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
mh, = W; out + MU, — Mu, (since Q = ke = pe = 0) 
Combining the two relations, (m, =m; )h; =W, ou + MoU. — Mu; 
or, (m, —m, )c,T; =W, out +m),c,T, —mc, J; 


The initial and the final masses in the tank are 


7 PM ____(150kPal0.11m*) 
‘RT, (0.287 kPa -m°/kg - K {295 K) 

_ PWV, (600 kPa)0.22 m°) _ 459.9 
RT, (0.287 kPa-m*/kg-K), T 


= 0.1949 kg 


My 


459.9 


2 


Then from the mass balance becomes m; =m, —m, = — 0.1949 


The spring is a linear spring, and thus the boundary work for this process can be determined from 


W, = Area = y, — u, )= 150+ 600)kPa / 


P +P. 
a 0.22 —0.11)m° = 41.25 kJ 


Substituting into the energy balance, the final temperature of air T, is determined to be 


41.25 = (= 0.1949 f.005}035){ #22 \o.718¥r,)-(0.1949)0.718)295) 


2 2 
It yields T, = 351K 
459.9 459. 
Thus, My 22 oe 1.309 kg 
T, 351.4 
and m;i = m - m= 1.309 — 0.1949 = 1.11 kg 
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5-192 R-134a is allowed to leave a piston-cylinder device with a pair of stops. The work done and the heat transfer are to 
be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device is assumed to be constant. 2 Kinetic 
and potential energies are negligible. 


Properties The properties of R-134a at various states are (Tables A-11 through A-13) 


3 
P, =800 kPa )¥1 = 9-032659 m*/kg 
l j hu = 290.84 kJ/kg 


T, =80°C 
i h, =316.97 kJ/kg R-134a 
2 kg 
= 0.042115 m?/k 800 kPa 
P, = 500 kPa ) “2 8 g 
i a lu = 242.40 kI/kg 80°C 
T, = 20°C 


h, = 263.46 kJ/kg 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 
Min — Mout = DMs stern > m =m —mM, 


Energy balance: 


Ein -E out = AE sien 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wain — Qout — Meh, = MU, =- mu, (since ke = pe = 0) 
The volumes at the initial and final states and the mass that has left the cylinder are 
V, =m, =(2kg)(0.032659 m?/kg) = 0.06532 m° 


V, =m,v, =(1/2)m v, =(1/2)(2 kg)(0.042115 m?/kg) = 0.04212 m? 
m, =m, —m, =2-1=1kg 


The enthalpy of the refrigerant withdrawn from the cylinder is assumed to be the average of initial and final enthalpies of 
the refrigerant in the cylinder 


h, =(1/2)(h, + hy) = (1/2)(316.97 + 263.46) = 290.21 kJ/kg 

Noting that the pressure remains constant after the piston starts moving, the boundary work is determined from 
Wein = Po (Yj -V2 ) = (500 kPa)(0.06532 —0.04212)m? =11.6 kJ 

(b) Substituting, 


11.6 KJ — Q,, — (1 kg)(290.21 kJ/kg) = (1kg)(242.40 kJ/kg) — (2 kg)(290.84 kJ/kg) 
Qu = 60.7 KJ 
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5-193 The pressures across a pump are measured. The mechanical efficiency of the pump and the temperature rise of water 
are to be determined. 


Assumptions 1 The flow is steady and incompressible. 2 The pump is driven by an external motor so that the heat generated 
by the motor is dissipated to the atmosphere. 3 The elevation difference between the inlet and outlet of the pump is 
negligible, zı = z2. 4 The inlet and outlet diameters are the same and thus the inlet and exit velocities are equal, V; = V2. 


Properties We take the density of water to be 1 kg/L = 1000 kg/m’ and its 
specific heat to be 4.18 kJ/kg - °C (Table A-3). 


Analysis (a) The mass flow rate of water through the pump is 
m= pV =(1kg/L)(18L/s) = 18 kg/s 


The motor draws 6 kW of power and is 95 percent efficient. 
Thus the mechanical (shaft) power it delivers to the pump is 


W = 1 motor Welectric =< (0.95)(6 kW) =5.7 kW 


pump,shaft 


To determine the mechanical efficiency of the pump, we need to know the increase in the mechanical energy of the fluid as 
it flows through the pump, which is 


: [P Vz {B V° 
AE mech,fluid z E méechout i Eiki =m —+——+ gZy |—m| —__+—_ + gz, 
p 2 p 2 


Simplifying it for this case and substituting the given values, 


(300 -100)kPa I 1kJ 


=3.6kW 
1000kg/m?  \1kPa- =) 


: P, — P, 
AE mech.fluid = nf BA) =(18 bes 
p 


Then the mechanical efficiency of the pump becomes 


_ AE nech fluid _ 3.6kW 


tpi : W pump.shaft 5.7 kW 


= 0.632 = 63.2% 


(b) Of the 5.7-kW mechanical power supplied by the pump, only 3.6 kW is imparted to the fluid as mechanical energy. The 
remaining 2.1 kW is converted to thermal energy due to frictional effects, and this “lost” mechanical energy manifests itself 
as a heating effect in the fluid, 


=W AE mech fluid = 9-7 — 3.6 = 2.1 kW 


E pump,shaft ~~ 


mech,loss 
The temperature rise of water due to this mechanical inefficiency is determined from the thermal energy balance, 


E mech Joss = mu, = u) = mcAT 


Solving for AT, 


AT = E enis = 2.1kW = 0.028°C 
mc (18 kg/s)(4.18 kJ/kg - K) 


Therefore, the water will experience a temperature rise of 0.028°C, which is very small, as it flows through the pump. 


Discussion In an actual application, the temperature rise of water will probably be less since part of the heat generated will 
be transferred to the casing of the pump and from the casing to the surrounding air. If the entire pump motor were 
submerged in water, then the 2.1 kW dissipated to the air due to motor inefficiency would also be transferred to the 
surrounding water as heat. This would cause the water temperature to rise more. 
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5-194 A water tank is heated by electricity. The water withdrawn from the tank is mixed with cold water in a chamber. The 
mass flow rate of hot water withdrawn from the tank and the average temperature of mixed water are to be determined. 


Assumptions 1 The process in the mixing chamber is a steady-flow process since there is no change with time. 2 Kinetic 
and potential energy changes are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat 
transfer is negligible. 


Properties The specific heat and density of water are taken to be 
Cp = 4.18 kJ/kg.K, p = 1000 kg/m’ (Table A-3). 


Analysis We take the mixing chamber as the system, which is a 
control volume since mass crosses the boundary. The energy balance 
for this steady-flow system can be expressed in the rate form as 


Energy balance: 
mio’ iieii Mixing 
S F = P steady = 
Ein a Eont zE AE system =0 chamber 
— SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 20°C 
mR 0.06 kg/s 
Ein =E out 8 


rah + myh, = mh, (since Q =W = Ake = Ape = 0) 


or Mot p Trank,ave + Megigl p Tota = (Mbot +Moold )e p Tiiixtire (1) 


Similarly, an energy balance may be written on the water tank as 


Wein + MhotC p (aid ce tank ave) At = MeankC p (Trank,2 7 tank,1) (2) 
where 
T +T, 80 +60 
ee _ ` tank,1 ; tank,2 _ = 70°C 
and 


Mank = PV = (1000 kg/m? )(0.060m*) = 60 kg 
Substituting into Eq. (2), 
[1.6 kI/S + ripet (4.18 kI/kg.°C)(20 — 70)°C K8 x 60 s) = (60 kg)(4.18 kI/kg.°C)(60 — 80)°C 
—> Mot = 0.0577 kg/s 
Substituting into Eq. (1), 
(0.0577 kg/s)(4.18 kJ/kg.°C)(70°C) + (0.06 kg/s)(4.18 kJ/kg.°C)(20°C) 
=[(0.0577 + 0.06)kg/s](4.18 kI/kg.°C)T, 


mixture 
—> Thiru = 445°C 


ixture 
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5-195 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an aftercooler is 
considered. The temperature of the air at the compressor outlet and the minimum flow rate of ambient air are to be 
determined. 

Air 


Assumptions 1 All processes are steady since there is no 
change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air properties are used for exhaust gases. 4 Air is 
an ideal gas with constant specific heats. 5 The mechanical 
efficiency between the turbine and the compressor is 100%. 

6 All devices are adiabatic. 7 The local atmospheric pressure is 
100 kPa. 


Compressor 


Properties The constant pressure specific heats of exhaust 
gases, warm air, and cold ambient air are taken to be c, = Cold air 
1.063, 1.008, and 1.005 kJ/kg-K, respectively (Table A-2b). 


Aftercooler 


Analysis (a) An energy balance on turbine gives 
Wr = Mexn € p.ex (Text,1 — Tenn 2 ) = (0.02 kg/s)(1.063 KJ/kg - K)(400 -350)K = 1.063 kW 


This is also the power input to the compressor since the mechanical efficiency between the turbine and the compressor is 
assumed to be 100%. An energy balance on the compressor gives the air temperature at the compressor outlet 


We 3 MaC pa (T2 154) 


1.063 kW = (0.018 kg/s)(1.008 kJ/kg - K)(T,2 —50)K > T,2 = 108.6 °C 
(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air 


EC Tz ki T, 3) = MgC as (Tear = Toa,1) 
(0.018 kg/s)(1.008 kJ/kg : °C)(108.6 — 80)°C = m,a (1.005 kJ/kg - °C)(40 — 30)°C 
M,a = 0.05161 kg/s 
The volume flow rate may be determined if we first calculate specific volume of cold ambient air at the inlet of aftercooler. 
That is, 
_ RT _ (0.287 kJ/kg - K)(30 + 273 K) 
a P 100 kPa 


= 0.8696 m°/kg 


V,, =mv,, = (0.05161 kg/s)(0.8696 m?°/kg) = 0.0449 m?/s = 44.9 LIs 
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5-196 Heat is transferred to a pressure cooker at a specified rate for a specified time period. The cooking temperature and 
the water remaining in the cooker are to be determined. 


Assumptions 1 This process can be analyzed as a uniform-flow process since the properties of the steam leaving the control 
volume remain constant during the entire cooking process. 2 The kinetic and potential energies of the streams 


are negligible, ke = pe = 0. 3 The pressure cooker is stationary and thus its kinetic and potential energy changes are zero; 
that is, AKE = APE = 0 and AE system = AUsystem. 4 The pressure (and thus temperature) in the pressure 


cooker remains constant. 5 Steam leaves as a saturated vapor at the cooker pressure. 6 There are no boundary, electrical, or 
shaft work interactions involved. 7 Heat is transferred to the cooker at a constant rate. 


Analysis We take the pressure cooker as the system. This is a control volume since mass crosses the system boundary 
during the process. We observe that this is an unsteady-flow process since changes occur within the control volume. Also, 
there is one exit and no inlets for mass flow. 


(a) The absolute pressure within the cooker is 


Pios = Prage + Pam =75 +100 =175 kPa 


Since saturation conditions exist in the cooker at all times, the cooking temperature must be the saturation temperature 
corresponding to this pressure. From Table A-5, it is 


Ty =T yap @175 kPa 7 116.04°C 


which is about 16°C higher than the ordinary cooking temperature. 


(b) Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy 
u, respectively, the mass and energy balances for this uniform-flow system can be expressed as 

Mass balance: 

> =-m,=(m,-mı)cy Oor Me, =(M, —M)cy 


Min Z Mout = AMgy stem 


Energy balance: 


Ein ~ Fou = AE 


system 
M E SA Q 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qi, — Mehe =M,u, — mu; (since W = ke = pe = 0) E E R 


System 


Combining the mass and energy balances gives boundary, 


m,=1 kg 

V=6L 
P =75 kPa (gage) 
Vapor 


Qin =(m — My )h, + Mu — Muy 


The amount of heat transfer during this process is found from 


Qin = Qn AT =(0.5kJ/s)(30 x 60s) =900 kJ 


Steam leaves the pressure cooker as saturated vapor at 175 kPa at all 
times. Thus, 


he = hy@i7skpa = 2700.2 kI/kg 


The initial internal energy is found after the quality is determined: 


V 0.006 m? 
v =—=—— _ 20.006 m3/ke 
mı lkg 
gaa er 200060001 a is 
| Vy 1.004- 0.001 ` 
Thus, 
Uy =U p +X U y = 486.82 + (0.00499)(2037.7) kJ/kg = 497 kJ/kg 
and 
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U, = mų; =(1kg)(497 kJ/kg) = 497 kJ 


The mass of the system at the final state is m, = V/v. Substituting this into the energy equation yields 


Qin (m Lh | f Uy man 
v2 V2 


There are two unknowns in this equation, u and w. Thus we need to relate them to a single unknown before we can 
determine these unknowns. Assuming there is still some liquid water left in the cooker at the final state (i.e., saturation 
conditions exist), v and u, can be expressed as 


Uy =V f + XV g = 0.001 + x, (1.004 — 0.001) m*/kg 
Uy =U f + XU f = 486.82 + x, (2037.7) kJ/kg 


Recall that during a boiling process at constant pressure, the properties of each phase remain constant (only the amounts 
change). When these expressions are substituted into the above energy equation, x, becomes the only unknown, and it is 
determined to be 


x, = 0.009 
Thus, 

v, =0.001 + (0.009)(1.004 — 0.001) m3/kg = 0.010 m?/kg 
and 


V 0.006m> | 
v, 0.01 m*/kg 


Therefore, after 30 min there is 0.6 kg water (liquid + vapor) left in the pressure cooker. 


Discussion Note that almost half of the water in the pressure cooker has evaporated during cooking. 
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5-197 A water tank open to the atmosphere is initially filled with water. The tank discharges to the atmosphere through a 
long pipe connected to a valve. The initial discharge velocity from the tank and the time required to empty the tank are to be 
determined. 


Assumptions 1 The flow is incompressible. 2 The draining pipe is horizontal. 3 The tank is considered to be empty when 
the water level drops to the center of the valve. 


Analysis (a) Substituting the known quantities, the discharge velocity can be expressed as 


V= | md | at = 0.12122 


15+ fL/D 


1.5+0.015(100 m)/(0.10 m) 
Then the initial discharge velocity becomes C 


V, =./0.1212gz, = 40.1212(9.81 m/s? )(2 m) = 1.54 m/s 


where z is the water height relative to the center of the orifice at that time. p 


(b) The flow rate of water from the tank can be obtained by 
multiplying the discharge velocity by the pipe cross-sectional area, 


. aD? 
V= Apip V2 = v0.12 1292 


Then the amount of water that flows through the pipe during a differential time interval dt is 
av = úr => 0.1212gzdt (1) 

which, from conservation of mass, must be equal to the decrease in the volume of water in the tank, 
dV = Aggy (dz) = -Di a (2) 


where dz is the change in the water level in the tank during dt. (Note that dz is a negative quantity since the positive 
direction of z is upwards. Therefore, we used —dz to get a positive quantity for the amount of water discharged). Setting 
Eqs. (1) and (2) equal to each other and rearranging, 


D$ dz Dé z1 
Z 
D? J0.1212gz D?J0.1212g 


The last relation can be integrated easily since the variables are separated. Letting tp be the discharge time and integrating it 
from t = 0 when z = z; to t = tp when z = 0 (completely drained tank) gives 


2 2 
D 
= 0.1212gzdt = dz > dt 


0 
1 
D? z? 2D 


D? Jo1212g| 4| D? 0.12129 


Zi 


1 
2 
Zi 


ES 


ty Do 0 
Í dt Í Zz 
t=0 D? f0.1212g ?2=2 


Simplifying and substituting the values given, the draining time is determined to be 


2D? 2(10 m)? 
7 == Se —__*™__95.9405=7.21h 
D? Y0.1212g (0.1m)? ¥0.12129.81m/s2) 


Discussion The draining time can be shortened considerably by installing a pump in the pipe. 
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5-198 A fluid is flowing in a circular pipe. A relation is to be obtained for the average fluid velocity in therms of V(r), R, 
and r. 


Analysis Choosing a circular ring of area dA = 2zrdr as our differential area, the mass flow rate through a cross-sectional 
area can be expressed as 
dr 


m= f ev(rjaa = [evirparar 


Solving for Vayg, 


5-199 Two streams of same ideal gas at different states are mixed in a mixing chamber. The simplest expression for the 
mixture temperature in a specified format is to be obtained. 


Analysis The energy balance for this steady-flow system can be expressed in the rate form as 


AO (steady) 


En = Eout = DE ,ystem =0 
—__ 
Rie orie maD transfer Rate of change in internal, kinetic, 
y heat, work, and mass otential, etc. energies 
; ak 8 mı, Tı 
En = Eut m. T. 
i ; ; , o Mixin.: pe 
mh, +m,h, = m,h, (since Q =W = 0) devi 8 
evice 
MC pI, + mc, T = mc pT; m» T> 


and, 


Solving for final temperature, we find 


5-200 A rigid container filled with an ideal gas is heated while gas is released so that the temperature of the gas remaining 
in the container stays constant. An expression for the mass flow rate at the outlet as a function of the rate of pressure change 


in the container is to be derived. 


Analysis At any instant, the mass in the control volume may be expressed as 


v v 
may =—=——P 
VY v RT 


Since there are no inlets to this control volume, the conservation of mass principle becomes 
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5-201 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established is to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 


Analysis We take the bottle as the system. It is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = AMsy stem > m =m (since Mout = Minitial = 0) P 
0 
. To 
Energy balance: 
Ein — Eout = AE system 
Se SS 
Net energy transfer Change in internal, kinetic, V 
by heat, work, and mass potential, etc. energies 


Evacuated 


Qin + mh, = mu, (sinceW = Eput = Einitiag = Ke = pe = 0) 


Combining the two balances: 


Qin = Mg (Uz — hy) = m (CT, — ¢pT;) 


but 
Ti = T, = To 
and 
Cp-Cy = R 
Substituting, 
PV 
0 
Therefore, 


Qout =PoV (Heat is lost from the tank) 
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Fundamentals of Engineering (FE) Exam Problems 


5-202 Steam is accelerated by a nozzle steadily from a low velocity to a velocity of 280 m/s at a rate of 2.5 kg/s. If the 
temperature and pressure of the steam at the nozzle exit are 400°C and 2 MPa, the exit area of the nozzle is 


(a) 8.4 cm? (b) 10.7 cm? (c) 13.5 cm? (d) 19.6 cm? (e) 23.0 cm? 


Answer (c) 13.5 cm? 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vel_1=0 "m/s" 

Vel_2=280 "m/s" 

m=2.5 "kg/s" 

T2=400 "C" 

P2=2000 "kPa" 

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv" 
v2=VOLUME(Steam_IAPWS,T=T2,P=P2) 

m=(1/v2)*A2*Vel_2 "A2 in m^2" 


"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

P2*v2ideal=R*(T2+273) 

m=(1/v2ideal)*W1_A2*Vel_2 "assuming ideal gas" 
P1*v2ideal=R*T2 

m=(1/v2ideal)*W2_A2*Vel_2 "assuming ideal gas and using C" 
m=W3_A2*Vel_2 "not using specific volume" 
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5-203 Steam enters a diffuser steadily at 0.5 MPa, 300°C, and 122 m/s at a rate of 3.5 kg/s. The inlet area of the diffuser is 
(a) 15 cm? (b) 50 cm? (c) 105 cm? (d) 150 cm? (e) 190 cm? 
Answer (d) 150 cm? 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vel_1=122 "m/s" 

m=3.5 "kg/s" 

T1=300 "C" 

P1=500 "kPa" 

"The rate form of energy balance is E_dot_in - E_dot_out = DELTAE_dot_cv" 
v1=VOLUME(Steam_IAPWS,T=T1,P=P1) 

m=(1/v1)*A*Vel_1 "A in m^2" 


"Some Wrong Solutions with Common Mistakes:" 

R=0.4615 "kJ/kg.K" 

P1*v1ideal=R*(T1+273) 

m=(1/v1ideal)*W1_A*Vel_1 "assuming ideal gas" 
P1*v2ideal=R*T1 

m=(1/v2ideal)*W2_A*Vel_1 "assuming ideal gas and using C" 
m=W3_A*Vel_1 "not using specific volume" 


5-204 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot air at 90°C entering 
also at rate of 5 kg/s. If the exit temperature of hot air is 20°C, the exit temperature of cold water is 


(a) 27°C (b) 32°C (c) 52°C (d) 85°C (e) 90°C 
Answer (b) 32°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Cp_air=1.005 "kJ/kg-C" 

Tw1=15 "C" 

m_dot_w=5 "kg/s" 

Tair1=90 "C" 

Tair2=20 "C" 

m_dot_air=5 "kg/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(Tw2-Tw1) 


"Some Wrong Solutions with Common Mistakes:" 

(Tair1-Tair2)=(W1_Tw2-Tw1) "Equating temperature changes of fluids" 
Cv_air=0.718 "kJ/kg.K" 
m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1) "Using Cv for air" 
W3_Tw2=Tair1 "Setting inlet temperature of hot fluid = exit temperature of cold fluid" 
W4_Tw2=Tair2 "Setting exit temperature of hot fluid = exit temperature of cold fluid" 
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5-205 A heat exchanger is used to heat cold water at 15°C entering at a rate of 2 kg/s by hot air at 85°C entering at rate of 3 
kg/s. The heat exchanger is not insulated, and is loosing heat at a rate of 25 kJ/s. If the exit temperature of hot air is 20°C, 
the exit temperature of cold water is 


(a) 28°C (b) 35°C (c) 38°C (d) 41°C (e) 80°C 
Answer (b) 35°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Cp_air=1.005 "kJ/kg-C" 

Tw1=15 "C" 

m_dot_w=2 "kg/s" 

Tair1=85 "C" 

Tair2=20 "C" 

m_dot_air=3 "kg/s" 

Q_loss=25 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(Tw2-Tw1)+Q_loss 


"Some Wrong Solutions with Common Mistakes:" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W1_Tw2-Tw1) "Not considering Q_loss" 
m_dot_air*Cp_air*(Tair1-Tair2)=m_dot_w*C_w*(W2_Tw2-Tw1)-Q_ loss "Taking heat loss as heat gain’ 
(Tair1-Tair2)=(W3_Tw2-Tw1) "Equating temperature changes of fluids" 

Cv_air=0.718 "kJ/kg.K" 

m_dot_air*Cv_air*(Tair1-Tair2)=m_dot_w*C_w*(W4_Tw2-Tw1)+Q_loss "Using Cv for air" 


5-206 An adiabatic heat exchanger is used to heat cold water at 15°C entering at a rate of 5 kg/s by hot water at 90°C 
entering at rate of 4 kg/s. If the exit temperature of hot water is 50°C, the exit temperature of cold water is 


(a) 42°C (b) 47°C (c) 55°C (d) 78°C (e) 90°C 
Answer (b) 47°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Tcold_1=15 "C" 

m_dot_cold=5 "kg/s" 

Thot_1=90 "C" 

Thot_2=50 "C" 

m_dot_hot=4 "kg/s" 

Q_loss=0 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*(Thot_1-Thot_2)=m_dot_cold*C_w*(Tcold_2-Tcold_1)+Q_loss 


"Some Wrong Solutions with Common Mistakes:" 
Thot_1-Thot_2=W1_Tcold_2-Tcold_1 "Equating temperature changes of fluids" 
W2_Tcold_2=90 "Taking exit temp of cold fluid=inlet temp of hot fluid” 
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5-207 In a shower, cold water at 10°C flowing at a rate of 5 kg/min is mixed with hot water at 60°C flowing at a rate of 2 
kg/min. The exit temperature of the mixture will be 


(a) 24.3°C (b) 35.0°C (c) 40.0°C (d) 44.3°C (e) 55.2°C 
Answer (a) 24.3°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_w=4.18 "kJ/kg-C" 

Tcold_1=10 "C" 

m_dot_cold=5 "kg/min" 

Thot_1=60 "C" 

m_dot_hot=2 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_w*Thot_1+m_dot_cold*C_w*Tcold_1=(m_dot_hot+m_dot_cold)*C_w*Tmix 
"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids” 


5-208 In a heating system, cold outdoor air at 7°C flowing at a rate of 4 kg/min is mixed adiabatically with heated air at 
70°C flowing at a rate of 3 kg/min. The exit temperature of the mixture is 


(a) 34°C (b) 39°C (c) 45°C (d) 63°C (e) 77°C 
Answer (a) 34°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C_air=1.005 "kJ/kg-C" 

Tcold_1=7 "C" 

m_dot_cold=4 "kg/min" 

Thot_1=70 "C" 

m_dot_hot=3 "kg/min" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
m_dot_hot*C_air*Thot_1+m_dot_cold*C_air*Tcold_1=(m_dot_hot+m_dot_cold)*C_air*Tmix 
"Some Wrong Solutions with Common Mistakes:" 

W1_Tmix=(Tcold_1+Thot_1)/2 "Taking the average temperature of inlet fluids" 
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5-209 Hot combustion gases (assumed to have the properties of air at room temperature) enter a gas turbine at 1 MPa and 
1500 K at a rate of 0.1 kg/s, and exit at 0.2 MPa and 900 K. If heat is lost from the turbine to the surroundings at a rate of 
15 kJ/s, the power output of the gas turbine is 


(a) 15 kW (b) 30 kW (c) 45 kW (d) 60 kW (e) 75 kW 
Answer (c) 45 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp_air=1.005 "kJ/kg-C" 

T1=1500 "K" 

T2=900 "K" 

m_dot=0.1 "kg/s" 

Q_dot_loss=15 "kJ/s" 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*Cp_air*(T1-T2) 

"Alternative: Variable specific heats - using EES data" 
W_dot_outvariable+Q_dot_loss=m_dot*(ENTHALPY (Air, T=T1)-ENTHALPY (Air, T=T2)) 


"Some Wrong Solutions with Common Mistakes:" 
W1_Wout=m_dot*Cp_air*(T1-T2) “Disregarding heat loss" 
W2_Wout-Q_dot_loss=m_dot*Cp_air*(T1-T2) "Assuming heat gain instead of loss" 


5-210 Steam expands in a turbine from 4 MPa and 500°C to 0.5 MPa and 250°C at a rate of 1350 kg/h. Heat is lost from the 
turbine at a rate of 25 kJ/s during the process. The power output of the turbine is 


(a) 157 kW (b) 207 kW (c) 182 kW (d) 287 kW (e) 246 kW 
Answer (a) 157 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=500 "C" 

P1=4000 "kPa" 

T2=250 "C" 

P2=500 "kPa" 

m_dot=1350/3600 "kg/s" 

Q_dot_loss=25 "kJ/s" 

h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_out+Q_dot_loss=m_dot*(h1-h2) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Wout=m_dot*(h1-h2) "Disregarding heat loss" 

W2_Wout-Q_dot_loss=m_dot*(h1-h2) "Assuming heat gain instead of loss" 
u1=INTENERGY(Steam_IAPWS,T=T1,P=P1) 
u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

W3_Wout+Q_dot_loss=m_dot*(u1-u2) "Using internal energy instead of enthalpy" 
W4_Wout-Q_dot_loss=m_dot*(u1-u2) "Using internal energy and wrong direction for heat" 
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5-175 


5-211 Steam is compressed by an adiabatic compressor from 0.2 MPa and 150°C to 0.8 MPa and 350°C at a rate of 1.30 
kg/s. The power input to the compressor is 


(a) 511 kW (b) 393 kW (c) 302 kW (d) 717 kW (e) 901 kW 
Answer (a) 511 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=200 "kPa" 

T1=150 "C" 

P2=800 "kPa" 

T2=350 "C" 

m_dot=1.30 "kg/s" 

Q_dot_loss=0 "kJ/s" 

h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Win-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
W2_Win-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
u1l=INTENERGY(Steam_IAPWS,T=T1,P=P1) 
u2=INTENERGY(Steam_IAPWS,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
W4_Win-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 
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5-176 


5-212 Refrigerant-134a is compressed by a compressor from the saturated vapor state at 0.14 MPa to 0.9 MPa and 60°C at 
a rate of 0.108 kg/s. The refrigerant is cooled at a rate of 1.10 kJ/s during compression. The power input to the compressor 
is 

(a) 4.94 kW (b) 6.04 kW (c) 7.14 kW (d) 7.50 kW (e) 8.13 kW 

Answer (c) 7.14 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=140 "kPa" 

x1=1 

P2=900 "kPa" 

T2=60 "C" 

m_dot=0.108 "kg/s" 

Q_dot_loss=1.10 "kJ/s" 

h1=ENTHALPY(R134a,x=x1,P=P1) 

h2=ENTHALPY(R134a, T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
W_dot_in-Q_dot_loss=m_dot*(h2-h1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Win+Q_dot_loss=m_dot*(h2-h1) "Wrong direction for heat transfer" 

W2_Win =m_dot*(h2-h1) "Not considering heat loss" 
u1=INTENERGY(R134a,x=x1,P=P1) 

u2=INTENERGY(R134a,T=T2,P=P2) 

W3_Win-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
W4_Win+Q_dot_loss=u2-u1 "Using internal energy and wrong direction for heat transfer" 
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5-177 


5-213 Refrigerant-134a expands in an adiabatic turbine from 1.2 MPa and 100°C to 0.18 MPa and 50°C at a rate of 1.25 
kg/s. The power output of the turbine is 


(a) 46.3 kW (b) 66.4 kW (c) 72.7 kW (d) 89.2 kW (e) 112.0 kW 
Answer (a) 46.3 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=1200 "kPa" 

T1=100 "C" 

P2=180 "kPa" 

T2=50 "C" 

m_dot=1.25 "kg/s" 

Q_dot_loss=0 "kJ/s" 

h1=ENTHALPY(R134a,T=T1,P=P1) 

h2=ENTHALPY(R134a,T=T2,P=P2) 

"The rate form of energy balance for a steady-flow system is E_dot_in = E_dot_out" 
-W_dot_out-Q_dot_loss=m_dot*(h2-h1) 


"Some Wrong Solutions with Common Mistakes:" 

-W1_Wout-Q_dot_loss=(h2-h1)/m_dot "Dividing by mass flow rate instead of multiplying" 
-W2_Wout-Q_dot_loss=h2-h1 "Not considering mass flow rate" 
u1=INTENERGY(R134a,T=T1,P=P1) 

u2=INTENERGY(R134a,T=T2,P=P2) 

-W3_Wout-Q_dot_loss=m_dot*(u2-u1) "Using internal energy instead of enthalpy" 
-W4_Wout-Q_dot_loss=u2-u1 "Using internal energy and ignoring mass flow rate" 


5-214 Refrigerant-134a at 1.4 MPa and 90°C is throttled to a pressure of 0.6 MPa. The temperature of the refrigerant after 
throttling is 


(a) 22°C (b) 56°C (c) 82°C (d) 80°C (e) 90.0°C 
Answer (d) 80°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=1400 "kPa" 

T1=90 "C" 

P2=600 "kPa" 
h1=ENTHALPY(R134a,T=T1,P=P1) 
T2=TEMPERATURE(R134a,h=h1,P=P2) 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming the temperature to remain constant" 

W2_T2=TEMPERATURE(R134a,x=0,P=P2) "Taking the temperature to be the saturation temperature at P2" 
u1=INTENERGY(R134a,T=T1,P=P1) 

W3_T2=TEMPERATURE(R134a,u=u1,P=P2) "Assuming u=constant" 

v1=VOLUME(R134a,T=T1,P=P1) 

W4_T2=TEMPERATURE(R134a,v=v1,P=P2) "Assuming v=constant" 
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5-178 


5-215 Air at 27°C and 5 atm is throttled by a valve to | atm. If the valve is adiabatic and the change in kinetic energy is 
negligible, the exit temperature of air will be 


(a) 10°C (b) 15°C (c) 20°C (d) 23°C (e) 27°C 
Answer (e) 27°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


"The temperature of an ideal gas remains constant during throttling, and thus T2=T1" 
T1=27 "C" 

P1=5 "atm" 

P2=1 "atm" 

T2=T1 "C" 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1*P1/P2 "Assuming v=constant and using C" 

W2_T2=(T1+273)*P1/P2-273 "Assuming v=constant and using K" 

W3_T2=T1*P2/P1 "Assuming v=constant and pressures backwards and using C" 
W4_T2=(T1+273)*P2/P1 "Assuming v=constant and pressures backwards and using K" 


5-216 Steam at 1 MPa and 300°C is throttled adiabatically to a pressure of 0.4 MPa. If the change in kinetic energy is 
negligible, the specific volume of the steam after throttling will be 


(a) 0.358 m/kg (b) 0.233 m*/kg (c) 0.375 m/kg (d) 0.646 m*/kg (e) 0.655 m/kg 
Answer (d) 0.646 m*/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=1000 "kPa" 

T1=300 "C" 

P2=400 "kPa" 
h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
v2=VOLUME(Steam_IAPWS,h=h1,P=P2) 


"Some Wrong Solutions with Common Mistakes:" 
W1_v2=VOLUME(Steam_IAPWS,T=T1,P=P2) "Assuming the volume to remain constant" 
u1=INTENERGY(Steam,T=T1,P=P1) 

W2_v2=VOLUME(Steam_IAPWS,u=u1,P=P2) "Assuming u=constant" 
W3_v2=VOLUME(Steam_IAPWS,T=T1,P=P2) "Assuming T=constant" 
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5-217 Air is to be heated steadily by an 8-kW electric resistance heater as it flows through an insulated duct. If the air enters 
at 50°C at a rate of 2 kg/s, the exit temperature of air will be 


(a) 46.0°C (b) 50.0°C (c) 54.0°C (d) 55.4°C (e) 58.0°C 
Answer (c) 54.0°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=1.005 "kJ/kg-C" 

T1=50 "C" 

m_dot=2 "kg/s" 

W_dot_e=8 "kJ/s" 

W_dot_e=m_dot*Cp*(T2-T1) 

"Checking using data from EES table" 
W_dot_e=m_dot*(ENTHALPY (Air, T=T_2table)-ENTHALPY (Air, T=T1)) 


"Some Wrong Solutions with Common Mistakes:" 
Cv=0.718 "kJ/kg. K" 

W_dot_e=Cp*(W1_T2-T1) "Not using mass flow rate" 
W_dot_e=m_dot*Cv*(W2_T2-T1) "Using Cv" 
W_dot_e=m_dot*Cp*W3_T2 "Ignoring T1" 


5-218 Saturated water vapor at 40°C is to be condensed as it flows through a tube at a rate of 0.20 kg/s. The condensate 
leaves the tube as a saturated liquid at 40°C. The rate of heat transfer from the tube is 


(a) 34 kJ/s (b) 481 kJ/s (c) 2406 kJ/s (d) 514 kJ/s (e) 548 kJ/s 
Answer (b) 481 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=40 "C" 

m_dot=0.20 "kg/s" 
h_f=ENTHALPY(Steam_IAPWS,T=T1,x=0) 
h_g=ENTHALPY(Steam_IAPWS,T=T1,x=1) 
h_fg=h_g-h_f 

Q_dot=m_dot*h_fg 

"Some Wrong Solutions with Common Mistakes:" 
W1_Q=m_dot*h_f "Using hf" 
W2_Q=m_dot*h_g "Using hg" 

W3_Q=h_fg "not using mass flow rate" 
W4_Q=m_dot*(h_f+h_g) "Adding hf and hg" 


5-219 ... 5-223 Design and Essay Problems 


SQ 
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6-1 


Solutions Manual for 


Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 6 
THE SECOND LAW OF THERMODYNAMICS 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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6-2 


The Second Law of Thermodynamics and Thermal Energy Reservoirs 


6-1C Transferring 5 kWh of heat to an electric resistance wire and producing 5 kWh of electricity. 


6-2C An electric resistance heater which consumes 5 kWh of electricity and supplies 6 kWh of heat to a room. 


6-3C Transferring 5 kWh of heat to an electric resistance wire and producing 6 kWh of electricity. 


6-4C No. Heat cannot flow from a low-temperature medium to a higher temperature medium. 


6-5C A thermal-energy reservoir is a body that can supply or absorb finite quantities of heat isothermally. Some examples 
are the oceans, the lakes, and the atmosphere. 


6-6C Yes. Because the temperature of the oven remains constant no matter how much heat is transferred to the potatoes. 


6-7C The surrounding air in the room that houses the TV set. 
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Heat Engines and Thermal Efficiency 


6-8C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-9C Heat engines are cyclic devices that receive heat from a source, convert some of it to work, and reject the rest to a 
sink. 


6-10C No. Because 100% of the work can be converted to heat. 


6-11C It is expressed as "No heat engine can exchange heat with a single reservoir, and produce an equivalent amount of 
work". 


6-12C (a) No, (b) Yes. According to the second law, no heat engine can have and efficiency of 100%. 
6-13C No. Such an engine violates the Kelvin-Planck statement of the second law of thermodynamics. 


6-14C No. The Kelvin-Plank limitation applies only to heat engines; engines that receive heat and convert some of it to 
work. 


6-15C Method (b). With the heating element in the water, heat losses to the surrounding air are minimized, and thus the 
desired heating can be achieved with less electrical energy input. 


6-16E The rate of heat input and thermal efficiency of a heat engine are given. The power output of the heat engine is to be 
determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 


fluid at the pipes and other components are negligible. 
pip P Be 3x10*Btwhh | a =40% 


Analysis Applying the definition of the thermal efficiency to the heat engine, 


7 ý W et 
Wret = MnQn 
4 hp 
=(0.4)(3x104 Btu/h) ————— 
2544.5 Btu/h 
= 4.72 hp 
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6-17 The power output and thermal efficiency of a heat engine are given. The rate of heat input is to be determined. 
Assumptions 1 The plant operates steadily. 2 Heat losses from the working 
fluid at the pipes and other components are negligible. 


Analysis Applying the definition of the thermal efficiency to the heat engine, Qu 


. W vet in oEeT 
On = = 


= 55.9 kJ/s 
Neh 0.4 lhp 


6-18 The power output and thermal efficiency of a power plant are given. The rate of heat rejection is to be determined, and 


the result is to be compared to the actual case in practice. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working fluid at the pipes and other components are 
negligible. 


Analysis The rate of heat supply to the power plant is determined from the thermal efficiency relation, 


Wretour _ 600 MW 


Oy = = 1500 MW 
th 
The rate of heat transfer to the river water is determined from the first law relation Mn = 40% 
for a heat engine, (HE) 600 MW 
Òr = Òn —Wret.out = 1500-600 = 900 MW 
In reality the amount of heat rejected to the river will be lower since part of the C sink > 


heat will be lost to the surrounding air from the working fluid as it passes 
through the pipes and other components. 


6-19 The work output and heat input of a heat engine are given. The heat rejection is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 


fluid at the pipes and other components are negligible. 
On 


Analysis Applying the first law to the heat engine gives © 
L 


Q, = Op -We =700kI — 250 kJ = 450 kJ Wve 


Q 
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6-5 
6-20 The heat rejection and thermal efficiency of a heat engine are given. The heat input to the engine is to be determined. 


Assumptions 1 The plant operates steadily. 2 Heat losses from the working 


fluid at the pipes and other components are negligible. 


Analysis According to the definition of the thermal efficiency as applied to 
the heat engine, qH 


Wnet = thd H (HE) 
qu 74L dH 


which when rearranged gives C sink > 


qı _ 1000 KWKS _ 4667 kJlkg 
1-7 1-0.4 


Wnet 


Vy = 


6-21 The power output and fuel consumption rate of a power plant are given. The thermal efficiency is to be determined. 
Assumptions The plant operates steadily. 
Properties The heating value of coal is given to be 30,000 kJ/kg. 
Analysis The rate of heat supply to this power plant is 

On = M coal] HV coal 


= (60,000 kg/h {30,000 kJ/kg) =1.8x10° kJ/h 
=500 MW 


Then the thermal efficiency of the plant becomes 


W, 
My, = Esha = OMY = 0.300 = 30.0% 


QO,  500MW 
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6-6 


6-22 The power output and fuel consumption rate of a car engine are given. The thermal efficiency of the engine is to be 


determined. 
Assumptions The car operates steadily. 
Properties The heating value of the fuel is given to be 44,000 kJ/kg. 


Analysis The mass consumption rate of the fuel is 
nel = (PV) fet = (0.8 kg/L)(22 L/h) =17.6 kg/h 
The rate of heat supply to the car is 


On = M coal] HV coal 
= (17.6 kg/h)(44,000 kJ/kg) 
= 774,400 kJ/h = 215.1 kW 


Then the thermal efficiency of the car becomes 


W, 


net,out 


On 


ZEL 0.256 = 25.6% 
215.1 kW 


Ih = 


receeg cde 


95559955 


>? 


m 35555558 
55555555 


Ss 


55 kW 


6-23 The United States produces about 51 percent of its electricity from coal at a conversion efficiency of about 34 percent. 


The amount of heat rejected by the coal-fired power plants per year is 


to be determined. 


Analysis Noting that the conversion efficiency is 34%, the amount of heat rejected by the coal plants per year is 


W, W, 


c coal 


Qin Qout + W coal 


_ W coe = 
Qout aa coal 


th 


oal __ 


Dh = 


_ 1,878x10!? kWh 
0.34 
= 3.646 x10! kWh 


1.878x10! kWh 


1.878x10" kWh 


Qout 


nin = 34% 
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6-7 


6-24 The projected power needs of the United States is to be met by building inexpensive but inefficient coal plants or by 
building expensive but efficient IGCC plants. The price of coal that will enable the IGCC plants to recover their cost 
difference from fuel savings in 5 years is to be determined. 


capacity. 2 The time value of money (interest, inflation, etc.) is not 


Assumptions 1 Power is generated continuously by either plant at full | f 
considered. 
Properties The heating value of the coal is given to be 28x10° kJ/ton. 


Analysis For a power generation capacity of 150,000 MW, the 
construction costs of coal and IGCC plants and their difference are 


Construction cost „a] = (150,000,000 kW)($1300/kW) = $195x10° 
Construction cost gcc = (150,000,000 kW)($1500/kW) = $225 x10° 
Construction cost difference = $225 x10" —$195x10° =$30x10° 

The amount of electricity produced by either plant in 5 years is 

W, = WAt = (150,000,000 kW)(5x 365 x 24 h) = 6.570x10'? kWh 


The amount of fuel needed to generate a specified amount of power can be determined from 


W, W, Qin W, 
1 = > On = Or Mfel = : = : 
Qin n Heating value (Heating value) 


Then the amount of coal needed to generate this much electricity by each plant and their difference are 


wW Í 12 
coal, coal plant = r < 7 PaM pul (2) 212x10 tons 
n(Heating value) (0.40)(28 x 10° kJ/ton) \ 1kWh 
wW : 12 
M coal, IGCC plant = = ae a (2225) 1.760% 107 tons 
n(Heating value) (0.48)(28 x 10° kJ/ton) | 1kWh 


AM soal = M coal, coal plant ~ coal, GCC plant = 2-112 x 10” — 1.760 x 10° = 0.352 x 10° tons 
For Am,,q, to pay for the construction cost difference of $30 billion, the price of coal should be 
; f 10? 
eee Construction cost difference —— $30 x 9 - $85.2/ton 
AM coal 0.352 x10” tons 


Therefore, the IGCC plant becomes attractive when the price of coal is above $85.2 per ton. 
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6-8 


EES 


6-25 Problem 6-24 is reconsidered. The price of coal is to be investigated for varying simple payback periods, plant 
construction costs, and operating efficiency. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

W_dot=15E7 [kW] 
Cost_coal=1300 [$/kW] 
eta_coal=0.40 
Cost_IGCC=1500 [$/kW] 
eta_IGCC=0.48 
HV_coal=28000 [kJ/kg] 
PaybackYears=5 [yr] 


"Analysis" 

time=PaybackYears*Convert(yr, h) 
ConstCost_coal=W_dot*Cost_coal 
ConstCost_IGCC=W_dot*Cost_IGCC 
ConstCostDif=ConstCost_IGCC-ConstCost_coal 
W_e=W_dot*time 
m_coal_coal=W_e/(eta_coal*HV_coal)*Convert(kWh, kJ) 
m_coal_IGCC=W_.e/(eta_IGCC*HV_coal)*Convert(kWh, kJ) 
DELTAm_coal=m_coal_coal-m_coal_IGCC 
UnitCost_coal=ConstCostDif/DELTAm_coal*1000 


PaybackYears | UnitCost,oa) es l 

[yr] [$/ton] 400 

1 426.2 

2 213.1 = 350 

3 142.1 — 

4 106.5 8, 

5 85.24 = 250 

6 71.03 8 

7 60.88 @ 200 

8 53.27 oO 

9 47.35 z 

10 42.62 > 100 
žo 1 e 
ol— : i i : ; t ; 


PaybackYears [yr] 
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coal UnitCostoar 
[$/ton] 
0.3 28.41 
0.31 31.09 
0.32 34.09 
0.33 37.5 
0.34 41.4 
0.35 45.9 
0.36 51.14 
0.37 57.34 
0.38 64.78 
0.39 73.87 
0.4 85.24 
0.41 99.85 
0.42 119.3 
0.43 146.6 
0.44 187.5 
0.45 255.7 
CoStiecc UnitCostoai 
[$/kW] [$/ton] 
1300 0 
1400 42.62 
1500 85.24 
1600 127.9 
1700 170.5 
1800 213.1 
1900 255.7 
2000 298.3 
2100 340.9 
2200 383.6 
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UnitCost,,, [$/ton] 


0.4 0.42 044 0.46 


coal 


400 


350 A 


150 vm 


UnitCost,,, [$/ton] 


1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 


Costiccc [$/kw] 
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6-10 


6-26 The projected power needs of the United States is to be met by building inexpensive but inefficient coal plants or by 
building expensive but efficient IGCC plants. The price of coal that will enable the IGCC plants to recover their cost 
difference from fuel savings in 3 years is to be determined. 


capacity. 2 The time value of money (interest, inflation, etc.) is not 


Assumptions 1 Power is generated continuously by either plant at full i 
considered. | 
Properties The heating value of the coal is given to be 28x10° kJ/ton. 


Analysis For a power generation capacity of 150,000 MW, the construction 
costs of coal and IGCC plants and their difference are 


Construction cost „a] = (150,000,000 kW)($1300/kW) = $195x10° 

Construction cost gcc = (150,000,000 kW)($1500/kW) = $225 x 10° 

Construction cost difference = $225 x10" —$195x10° =$30x10° 
The amount of electricity produced by either plant in 3 years is 


W, = WAt = (150,000,000 kW)(3x365x 24h) = 3.94210"? kWh 


The amount of fuel needed to generate a specified amount of power can be determined from 


e W, Qin W, 
= > Qin = OF Miel = . = $ 
Qin ji Heating value (Heating value) 


Then the amount of coal needed to generate this much electricity by each plant and their difference are 


W, 3.942 x10!" kWh (3600kJ 9 
MM coal, coal plant = p = 6 = 1.267 x 10° tons 
7(Heating value) (0.40(28 x 10° kJ/ton) \ 1kWh 
wW ; 12 WI 
M coal, IGCC plant 7 = See fe Ge a) =1.055 x 10° tons 
n(Heating value) (0.48)(28 x10° kJ/ton) \ 1 kWh 


Am m = Meoal, GCC plant = 1-267 x 10° — 1.055 x 10° = 0.211x10° tons 


coal 7 coal, coal plant 


For Amoa] to pay for the construction cost difference of $30 billion, the price of coal should be 


Construction cost difference —— $30x 10° 


=$142/ton 
AM goat 0.211x10° tons 


Unit cost of coal = 


Therefore, the IGCC plant becomes attractive when the price of coal is above $142 per ton. 


6-27E The power output and thermal efficiency of a solar pond power plant are given. The rate of solar energy collection is 


to be determined. 
Assumptions The plant operates steadily. H WI B 


Analysis The rate of solar energy collection or the rate of heat supply to EAEAN 
the power plant is determined from the thermal efficiency relation to be 350 kW 
Solar pond (HE) 


Wretout 350kW( 1Btu \( 3600s 
On = = 


= 2.986 x10’Btulh 
Nh 0.04 (1.055kJ\ 1h 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 
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6-28 A coal-burning power plant produces 300 MW of power. The amount of coal consumed during a one-day period and 
the rate of air flowing through the furnace are to be determined. 


Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 
Properties The heating value of the coal is given to be 28,000 kJ/kg. 


Analysis (a) The rate and the amount of heat inputs to the power plant are 


. W, 
Gig = mot = SOOM 2037 5 MW 
Mih 0.32 


Qin = Òn At = (937.5 MJ/s)(24 x 3600s) =8.1x10’ MJ 
The amount and rate of coal consumed during this period are 


7 
Qin _ 81x10" MI _ 5 993.108 kg 
qay 28 MJ/kg 


Meoal = 


6 
a F SEITE TA 
At 24x3600s 


(b) Noting that the air-fuel ratio is 12, the rate of air flowing through the furnace is 
Mair = (AF Yitegat = (12 kg air/kg fuel)(33.48 kg/s) = 401.8 kg/s 
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6-12 


Refrigerators and Heat Pumps 


6-29C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
cold medium whereas the purpose of a heat pump is to supply heat to a warm medium. 


6-30C The difference between the two devices is one of purpose. The purpose of a refrigerator is to remove heat from a 
refrigerated space whereas the purpose of an air-conditioner is remove heat from a living space. 


6-31C No. Because the refrigerator consumes work to accomplish this task. 


6-32C No. Because the heat pump consumes work to accomplish this task. 


6-33C The coefficient of performance of a refrigerator represents the amount of heat removed from the refrigerated space 
for each unit of work supplied. It can be greater than unity. 


6-34C The coefficient of performance of a heat pump represents the amount of heat supplied to the heated space for each 
unit of work supplied. It can be greater than unity. 


6-35C No. The heat pump captures energy from a cold medium and carries it to a warm medium. It does not create it. 


6-36C No. The refrigerator captures energy from a cold medium and carries it to a warm medium. It does not create it. 


6-37C No device can transfer heat from a cold medium to a warm medium without requiring a heat or work input from the 
surroundings. 


6-38C The violation of one statement leads to the violation of the other one, as shown in Sec. 6-4, and thus we conclude 
that the two statements are equivalent. 
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6-13 


6-39E The COP and the power input of a residential heat pump are given. The rate of heating effect is to be determined. 


Reservoir 


Assumptions The heat pump operates steadily. 


Analysis Applying the definition of the heat pump coefficient of performance 
to this heat pump gives 


2544.5 Btu/h 


= 30,530 Btu/h 
1hp ) i í COP =2.4 


Òn = COP Werin = (2-45 rof 


Reservoir 


6-40 The cooling effect and the rate of heat rejection of an air conditioner are given. The COP is to be determined. 


Reservoir 


Assumptions The air conditioner operates steadily. 


Analysis Applying the first law to the air conditioner gives 
Woerin =Qy Ô; =2.5-2=0.5kW 
Applying the definition of the coefficient of performance, 


Ò, 20kW _ 
W retin 0.5 kW 


COPR Reservoir 


6-41 The power input and the COP of a refrigerator are given. The cooling effect of the refrigerator is to be determined. 


Assumptions The refrigerator operates steadily. Reservoir 


Analysis Rearranging the definition of the refrigerator coefficient of . COP=1.4 
performance and applying the result to this refrigerator gives =e 
Ò, = COP RW erin = (1-4) kW) = 4.2 kW W 


net,in 


Reservoir 
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6-42 A refrigerator is used to keep a food department at a specified temperature. The heat gain to the food department and 
the heat rejection in the condenser are given. The power input and the COP are to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis The power input is determined from 


Win = On E Ò; 
= 4800 — 3300 =1500 kJ/h 
= (1500 um) = 0.417 kw 
3600 kJ/h 
The COP is 
COP = Q, _ 3300kJ/h _ 
W., 1500kJ/h 


in 


6-43 The COP and the refrigeration rate of a refrigerator are given. The power consumption and the rate of heat rejection 
are to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis (a) Using the definition of the coefficient of performance, the power 


input to the refrigerator is determined to be COP=1.2 
Wren = 2 = 80 Simin L 50 kJ/min = 0.83 kW 
OP 1.2 


cool space 


(b) The heat transfer rate to the kitchen air is determined from the energy balance, 


On = Ò, + Werin = 60 +50 = 110 kJ/min 


6-44E The heat absorption, the heat rejection, and the power input of a commercial heat pump are given. The COP of the 
heat pump is to be determined. 


Reservoir 


Assumptions The heat pump operates steadily. 


Analysis Applying the definition of the heat pump coefficient of 
performance to this heat pump gives 


ae Ow _ 15,090 Btu/h 1hp ee 
P y 2hp  (2544.5Btuh) ~~ 


net,in 


Reservoir 
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6-15 
6-45 The cooling effect and the COP of a refrigerator are given. The power input to the refrigerator is to be determined. 
Assumptions The refrigerator operates steadily. Reservoir 


Analysis Rearranging the definition of the refrigerator coefficient of 
performance and applying the result to this refrigerator gives 


ae Ò, = 200k 1h 


net,in ) = 4.34 kW 
; COP, 1.60 3600s 


Reservoir 


6-46 The COP and the power consumption of a refrigerator are given. The time it will take to cool 5 watermelons is to be 
determined. 


Assumptions 1 The refrigerator operates steadily. 2 The heat gain of the refrigerator through its walls, door, etc. is 
negligible. 3 The watermelons are the only items in the refrigerator to be cooled. 


Properties The specific heat of watermelons is given to be c = 4.2 kJ/kg.°C. 


Analysis The total amount of heat that needs to be removed from the watermelons is 


Q; = (mcAT ), atermelors =5x (10 kg\(4.2 kJ/kg g °C\20 3 8% C =2520 kJ 


The rate at which this refrigerator removes heat is 


Ò, =(COPR \Werin) = (2-5)(0.45 kW) = 1.125 kW 450 W 
COP =2.5 


cool space 


That is, this refrigerator can remove 1.125 kJ of heat per second. Thus the time 
required to remove 2520 kJ of heat is 
_Q, _ 2520kJ 


At==4 =~" — = 2240 s = 37.3 min 
Ò, 1.125 KJ/s 


This answer is optimistic since the refrigerated space will gain some heat during this process from the surrounding air, 
which will increase the work load. Thus, in reality, it will take longer to cool the watermelons. 
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6-47 D An air conditioner with a known COP cools a house to desired temperature in 15 min. The power consumption 
of the air conditioner is to be determined. 


Assumptions 1 The air conditioner operates steadily. 2 The house is well-sealed so that no air leaks in or out during 
cooling. 3 Air is an ideal gas with constant specific heats at room temperature. 


Properties The constant volume specific heat of air is given to be c, = 0.72 kJ/kg.°C. 


Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be removed from the 
house is 


Q, =(mceyAT ) yoyo = (800 kg (0.72 kJ/kg -°C\35 — 20}C = 8640 kJ 
This heat is removed in 30 minutes. Thus the average rate of heat removal 
from the house is 


Q, 8640 kJ 
At 30x60s 


=4.8 kW 


Ò, = 


Using the definition of the coefficient of performance, the power input to the air- 
conditioner is determined to be 


Ò, _48kW 


=1.71kW 
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EES 
6-48 Problem 6-47 is reconsidered. The rate of power drawn by the air conditioner required to cool the house as a 
function for air conditioner EER ratings in the range 5 to 15 is to be investigated. Representative costs of air conditioning 
units in the EER rating range are to be included. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Since it is well sealed, we treat the house as a closed system (constant volume) 
to determine the rate of heat transfer required to cool the house. Apply the first law, 
closed system on a rate basis to the house." 


"Input Data" 

T_1=35 [C] 

T_2=20 [C] 

c_v = 0.72 [kJ/kg-C] 
m_house=800 [kg] 
DELTAtime=30 [min] 
“EER=5” 
COP=EER/3.412 


"Assuming no work done on the house and no heat energy added to the house 

in the time period with no change in KE and PE, the first law applied to the house is:' 
E_ dot_in- E dot_out = DELTAE dot 

E dot in=0 

E dot out=Q dot L 

DELTAE_dot = m_house*DELTAu_house/DELTAtime 

DELTAu_house = c_v*(T_2-T_1) 


"Using the definition of the coefficient of performance of the A/C:" 
W_dot_in = Q_dot_L/COP "kJ/min"*convert(‘kJ/min’,"kW') "kW" 
Q_dot_H= W_dot_in*convert(‘KW','kJ/min’) + Q_dot_L "kJ/min" 


EER Win 

[kW] 
5 3.276 
6 2.73 
7 2.34 
8 2.047 
9 1.82 
10 1.638 
11 1.489 
12 1.365 
13 1.26 
14 1.17 
15 1.092 


EER 
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6-49 A refrigerator is used to cool bananas to a specified temperature. The power input is given. The rate of cooling and 
the COP are to be determined. 


Assumptions The refrigerator operates steadily. 
Properties The specific heat of banana is 3.35 kJ/kg-°C. 
Analysis The rate of cooling is determined from 
Q, = mc (T, — Ty) = (215/60 kg/min)(3.35 kJ/kg : °C)(24 - 13) °C =132 kJ/min 
The COP is 


COP = Q, _ (132/60) kW -1.57 
W; 1.4kW 


I 


6-50 A refrigerator is used to cool water to a specified temperature. The power input is given. The flow rate of water and 
the COP of the refrigerator are to be determined. 


Assumptions The refrigerator operates steadily. 
Properties The specific heat of water is 4.18 kJ/kg-°C and its density is 1 kg/L. 
Analysis The rate of cooling is determined from 
Ò; =Qy -W = (570/60) kW —2.65kW = 6.85 kW 
The mass flow rate of water is 


Ò, 6.85kW 


= = = 0.09104 kg/s 
c(T,-T) (4.18kI/kg-°C)(23-5)°C 


Ò, =the, (T, -T)) —>m 


The volume flow rate is 


y - it _ 0.09104 kg/s | 60s J- 5 46min 
pP 1 kg/L l min 
The COP is 
cop = 2r 68W aig 


Wi, 265kW 


I 
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6-51 The rate of heat loss, the rate of internal heat gain, and the COP of a heat pump are given. The power input to the heat 
pump is to be determined. 


Assumptions The heat pump operates steadily. 


Analysis The heating load of this heat pump system is the difference between the heat 
lost to the outdoors and the heat generated in the house from the people, lights, and 
appliances, 


Oj = 60,000 — 4,000 = 56,000 kJ /h 


Using the definition of COP, the power input to the heat pump is determined to be 


E 3600 KJ/h 


T QO, _ 56,000 kJ/h( 1KW 
neen — COPpp 2.5 


) = 6.22 kW 


6-52E The COP and the refrigeration rate of an ice machine are given. The power consumption is to be determined. 


Assumptions The ice machine operates steadily. 
utdoors 


Analysis The cooling load of this ice machine is 
Ò; = rq; =(28 Ibm/hX169 Btu/Ibm) = 4732 Btu/h 


Using the definition of the coefficient of performance, the power input 
to the ice machine system is determined to be 


: 5 water Ice i 
Wet in 7 Q, = 2 Buy l 2p = 0.775 hp 55°F 
i COP, 2.4 2545 Btu/h 


QL 


6-53E An office that is being cooled adequately by a 12,000 Btu/h window air-conditioner is converted to a computer 
room. The number of additional air-conditioners that need to be installed is to be determined. 


Assumptions 1 The computers are operated by 7 adult men. 2 The computers consume 40 percent of their rated power at 
any given time. 


Properties The average rate of heat generation from a person seated in a room/office is 100 W (given). 
Analysis The amount of heat dissipated by the computers is equal to the 
amount of electrical energy they consume. Therefore, ousie > 
OEE = (Rated power) x (Usage factor) = (8.4 kW)(0.4) = 3.36 kW 
Ò people = (No. of people) x Ò person = 7 x (100 W) = 700 W 
Ororat = Qcomputers + Qpeople = 3360 + 700 = 4060 W = 13,853 Btu/h (Ac) 
l 


since 1 W = 3.412 Btu/h. Then noting that each available air conditioner provides 
7000 Btu/h cooling, the number of air-conditioners needed becomes 


7000 Btu/h 
Computer 

Cooling load _ 13,853 Btu/h room 
Cooling capacity of A/C 7000 Btu/h 
=1.98 ~ 2 Air conditioners 


No. of air conditioners = 
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6-54 A decision is to be made between a cheaper but inefficient air-conditioner and an expensive but efficient air- 
conditioner for a building. The better buy is to be determined. 


Assumptions The two air conditioners are comparable in all aspects other than the initial cost and the efficiency. 


Analysis The unit that will cost less during its lifetime is a better buy. The total cost of a system during its lifetime (the 
initial, operation, maintenance, etc.) can be determined by performing a life cycle cost analysis. A simpler alternative is to 
determine the simple payback period. The energy and cost savings of the more efficient air conditioner in this case is 
Energy savings = (Annual energy usage of A) — (Annual energy usage of B) 
= (Annual cooling load)(1/ COP, —1/ COP} ) 
= (120,000 kWh/year)(1/3.2 —1/5.0) 


Air Cond. A 
= 13,500 kWh/year Na 


COP = 3.2 
Cost savings = (Energy savings)(Unit cost of energy) 
= (13,500 kWh/year)($0.10/kWh) = $1350/year 


The installation cost difference between the two air-conditioners is 


Air Cond. B 
Cost difference = Cost of B — cost of A = 7000 — 5500 = $1500 COP = 5.0 


Therefore, the more efficient air-conditioner B will pay for the $1500 
cost differential in this case in about | year. 


Discussion A cost conscious consumer will have no difficulty in deciding that the more expensive but more efficient air- 
conditioner B is clearly the better buy in this case since air conditioners last at least 15 years. But the decision would not be 
so easy if the unit cost of electricity at that location was much less than $0.10/kWh, or if the annual air-conditioning load of 
the house was much less than 120,000 kWh. 


6-55 A house is heated by resistance heaters, and the amount of electricity consumed during a winter month is given. The 
amount of money that would be saved if this house were heated by a heat pump with a known COP is to be determined. 


Assumptions The heat pump operates steadily. 


Analysis The amount of heat the resistance heaters supply to the house is equal to he amount of electricity they consume. 
Therefore, to achieve the same heating effect, the house must be supplied with 1200 kWh of energy. A heat pump that 
supplied this much heat will consume electrical power in the amount of 


_ Oy _ 1200kWh 


ee = 500 kWh 
= COR 2.4 


which represent a savings of 1200 — 500 = 700 kWh. Thus the homeowner would have saved 
(700 kWh)(0.085 $/kWh) = $59.50 
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6-56 Refrigerant-134a flows through the condenser of a residential heat pump unit. For a given compressor power 
consumption the COP of the heat pump and the rate of heat absorbed from the outside air are to be determined. 


Assumptions 1 The heat pump operates steadily. 2 The 
kinetic and potential energy changes are zero. 800 kPa 
x=0 


Properties The enthalpies of R-134a at the condenser 
inlet and exit are 


Condenser 


P, = 800 kPa i 
: h = 271.22 kJ/kg \ / Expansion W. 
T, =35°C /N valve c j 
ompressor 
P, = 800 kPa 
h, = 95.47 kJ/kg 
Xz = 0 


Analysis (a) An energy balance on the condenser gives 
the heat rejected in the condenser 


Oy =m(A, — hy) = (0.018 kg/s)(271.22 —95.47) kJ/kg = 3.164 kW 
The COP of the heat pump is 


COP = Qn PA =2.64 
W; 1.2 kW 


a 


(b) The rate of heat absorbed from the outside air 


Ò, =O, -W =3.164-1.2=1.96 kW 


6-57 A commercial refrigerator with R-134a as the working fluid is considered. The evaporator inlet and exit states are 
specified. The mass flow rate of the refrigerant and the rate of heat rejected are to be determined. 


Assumptions 1 The refrigerator operates steadily. 2 The kinetic and 
potential energy changes are zero. 


On 


Condenser 


\ / Expansion 


valve 
L\ Compressor 


Properties The properties of R-134a at the evaporator 
inlet and exit states are (Tables A-11 through A-13) 


P, =100kPa 
x, =0.2 

P, =100kPa 
T, =-26°C 


ha = 60.71 kJ/kg 


ie = 234.74 kJ/kg 


Analysis (a) The refrigeration load is 


100 kPa 100 kPa 
OQ, =(COP)W,,, =(1.2)(0.600 kW) = 0.72 kW x=0.2 QL -26°C 
The mass flow rate of the refrigerant is determined from 
mpg = Q, a EW "2-6 90444 kg/s 


hy —h, (234.74 - 60.71) kJ/kg 
(b) The rate of heat rejected from the refrigerator is 


On, =O, +W =0.72 + 0.60 =1.32 kW 
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6-22 


Perpetual-Motion Machines 


6-58C This device creates energy, and thus it is a PMM1. 


6-59C This device creates energy, and thus it isa PMM1. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


6-23 


Reversible and Irreversible Processes 


6-60C Adiabatic stirring processes are irreversible because the energy stored within the system can not be spontaneously 
released in a manor to cause the mass of the system to turn the paddle wheel in the opposite direction to do work on the 
surroundings. 


6-61C The chemical reactions of combustion processes of a natural gas and air mixture will generate carbon dioxide, water, 
and other compounds and will release heat energy to a lower temperature surroundings. It is unlikely that the surroundings 
will return this energy to the reacting system and the products of combustion react spontaneously to reproduce the natural 
gas and air mixture. 


6-62C No. Because it involves heat transfer through a finite temperature difference. 


6-63C This process is irreversible. As the block slides down the plane, two things happen, (a) the potential energy of the 
block decreases, and (b) the block and plane warm up because of the friction between them. The potential energy that has 
been released can be stored in some form in the surroundings (e.g., perhaps in a spring). When we restore the system to its 
original condition, we must (a) restore the potential energy by lifting the block back to its original elevation, and (b) cool 
the block and plane back to their original temperatures. 


The potential energy may be restored by returning the energy that was stored during the original process as the 
block decreased its elevation and released potential energy. The portion of the surroundings in which this energy had been 
stored would then return to its original condition as the elevation of the block is restored to its original condition. 


In order to cool the block and plane to their original temperatures, we have to remove heat from the block and 
plane. When this heat is transferred to the surroundings, something in the surroundings has to change its state (e.g., perhaps 
we warm up some water in the surroundings). This change in the surroundings is permanent and cannot be undone. Hence, 
the original process is irreversible. 


6-64C Because reversible processes can be approached in reality, and they form the limiting cases. Work producing 
devices that operate on reversible processes deliver the most work, and work consuming devices that operate on reversible 
processes consume the least work. 


6-65C When the compression process is non-quasi equilibrium, the molecules before the piston face cannot escape fast 
enough, forming a high pressure region in front of the piston. It takes more work to move the piston against this high 
pressure region. 


6-66C When an expansion process is non-quasiequilibrium, the molecules before the piston face cannot follow the piston 
fast enough, forming a low pressure region behind the piston. The lower pressure that pushes the piston produces less 
work. 
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6-67C The irreversibilities that occur within the system boundaries are internal irreversibilities; those which occur outside 
the system boundaries are external irreversibilities. 


6-68C A reversible expansion or compression process cannot involve unrestrained expansion or sudden compression, and 
thus it is quasi-equilibrium. A quasi-equilibrium expansion or compression process, on the other hand, may involve 
external irreversibilities (such as heat transfer through a finite temperature difference), and thus is not necessarily 
reversible. 
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The Carnot Cycle and Carnot's Principle 


6-69C The four processes that make up the Carnot cycle are isothermal expansion, reversible adiabatic expansion, 
isothermal compression, and reversible adiabatic compression. 


6-70C They are (1) the thermal efficiency of an irreversible heat engine is lower than the efficiency of a reversible heat 
engine operating between the same two reservoirs, and (2) the thermal efficiency of all the reversible heat engines operating 
between the same two reservoirs are equal. 


6-71C False. The second Carnot principle states that no heat engine cycle can have a higher thermal efficiency than the 
Carnot cycle operating between the same temperature limits. 


6-72C Yes. The second Carnot principle states that all reversible heat engine cycles operating between the same 
temperature limits have the same thermal efficiency. 


6-73C (a) No, (b) No. They would violate the Carnot principle. 
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6-26 
Carnot Heat Engines 


6-74C No. 


6-75C The one that has a source temperature of 600°C. This is true because the higher the temperature at which heat is 
supplied to the working fluid of a heat engine, the higher the thermal efficiency. 


6-76E The source and sink temperatures of a heat engine are given. The maximum work per unit heat input to the engine is 
to be determined. 


Assumptions The heat engine operates steadily. 


Analysis The maximum work per unit of heat that the engine can remove from Qu 
the source is the Carnot efficiency, which is determined from (HE) 
W, 
W. T Q z net 
a = 1 STR _ 0,595 


On 


Te 1260R G10) 


6-77 Two pairs of thermal energy reservoirs are to be compared from a work-production perspective. 
Assumptions The heat engine operates steadily. 


Analysis For the maximum production of work, a heat engine operating between the energy Cia.) 
reservoirs would have to be completely reversible. Then, for the first pair of reservoirs 


T On 
Mam =l- =1 325K _ 0.519 
i Tor 675K 


For the second pair of reservoirs, 


T, 25K <> 


=1-42 =0.560 
Ty 625K 


77 th,max =1 


The second pair is then capable of producing more work for each unit of heat extracted from the hot reservoir. 
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6-27 


6-78 D The source and sink temperatures of a heat engine and the rate of heat supply are given. The maximum possible 
power output of this engine is to be determined. 


Assumptions The heat engine operates steadily. 
Analysis The highest thermal efficiency a heat engine operating between two specified temperature limits can have is the 


Carnot efficiency, which is determined from 


T; 298 K 
=1 = 0.600 or 60.0% i 
Ta (477 +273) K 0 65000 kJ/min 


= nO =(0.600\65,000 kJ/min)= 39,000 kJ/min = 653 kW GSO 


11 th,max = 11th,C =1 
Then the maximum power output of this heat engine is determined 
from the definition of thermal efficiency to be 


W, 


net,out 
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6-28 


EES 
6-79 Problem 6-78 is reconsidered. The effects of the temperatures of the heat source and the heat sink on the power 
produced and the cycle thermal efficiency as the source temperature varies from 300°C to 1000°C and the sink temperature 
varies from 0°C to 50°C are to be studied. The power produced and the cycle efficiency against the source temperature for 
sink temperatures of 0°C, 25°C, and 50°C are to be plotted. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


T_H = 477 [C] 
T_L=25 [C] 
Q_dot_H = 65000 [kJ/min] 


"First Law applied to the heat engine" 

Q dot_H-Q dot_L- W_dot_net = 0 
W_dot_net_KW=W_dot_net*convert(kJ/min,kW) 

"Cycle Thermal Efficiency - Temperatures must be absolute" 
eta_th = 1 - (T_L + 273)/(T_H + 273) 

"Definition of cycle efficiency" 

eta_th=W_dot_net/ Q_dot_H 


Tu Whetkw Nth 
[C] [kw] 
300 567.2 0.5236 
400 643.9 0.5944 
500 700.7 0.6468 
600 744.6 0.6873 T 
700 779.4 0.7194 x, 
800 807.7 0.7456 3 
900 831.2 0.7673 2 
1000 851 0.7855 
Values for T = 0°C 
450 
300 400 500 600 700 800 900 1000 
Th [C] 
0.8 
0.75 
0.7 
0.65 
S F T=25°C 
= 06 


T.=50°C 


300 400 500 600 700 800 900 1000 
Tu [C] 
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6-80E The sink temperature of a Carnot heat engine, the rate of heat rejection, and the thermal efficiency are given. 
The power output of the engine and the source temperature are to be determined. 


Assumptions The Carnot heat engine operates steadily. 


Analysis (a) The rate of heat input to this heat engine is determined from the definition of thermal efficiency, 


; 800 Btu/mi . . 
ny <1-2 > 0.75=1 ee t= On =3200 Btu/min 
H On 
Then the power output of this heat engine can be determined from Ct > 


W, 


net,out 


= Qy = (0.753200 Btu/min) = 2400 Btu/min = 56.6 hp 


(b) For reversible cyclic devices we have 


Òn | E | Ta | 800 Btu/min 


Thus the temperature of the source Ty must be 


Ty =| LL) r, =| 2200 Bem \(520 R)= 2080 R 
Qr Ja 800 Btu/min 


6-81E The claim of an inventor about the operation of a heat engine is to be evaluated. 


Assumptions The heat engine operates steadily. 


Analysis If this engine were completely reversible, the thermal efficiency would be C 
T; 550R ; 
1 = 0.45 
17 th,max T 1000 R On 


5 hp 


When the first law is applied to the engine above, 
15,000 Btu/h 


f . 2544.5 Btu/h 
On =Wae +O, =(5 DI : = w J+ 15,000 Btu/h = 27,720 Btu/h 
The actual thermal efficiency of the proposed heat engine is then 
w h . 
pa -t -= 5 hp 2544.5 Btu/h -0.459 
Qy 27,120 Btu/h 1hp 


6-29 


Since the thermal efficiency of the proposed heat engine is greater than that of a completely reversible heat engine which 


uses the same isothermal energy reservoirs, the inventor's claim is invalid. 
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6-30 


6-82 The work output and thermal efficiency of a Carnot heat engine are given. The heat supplied to the heat engine, the 


heat rejected and the temperature of heat sink are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 
Analysis Applying the definition of the thermal efficiency and an energy Qn Thin = 40% 


balance to the heat engine, the unknown values are determined as follows: (HE) 500 kJ 
bs Waet _ 500K) _ song Ky QL 
Tih 0.4 C sink > 


O; =Qp -Wae =1250 — 500 = 750 kJ 


T T 
Nthmax =1-—* > 0.40 L 


1 >T, =883.8 K =611°C 
Ta (1200 + 273) K 


6-83 The work output and heat rejection of a a Carnot heat engine are given. The heat supplied to the heat engine and the 


source temperature are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the Co. 
working fluid at the pipes and other components are negligible. 
Analysis Applying the definition of the thermal efficiency and an energy Qu 
balance to the heat engine, the unknown values are determined as follows: (HE) 900 kJ 
Oy =Q; + Woe =150 +900 =1050 kJ Q: | 150k) 
Waet  900kJ Core) 
Nn = = = 0.857 
QO, 1050kJ 
T 
Tam 1- 90.857 -1-1 #27)K sr =2100K =1827°C 
i Ty Ty 


6-84 The thermal efficiency and waste heat rejection of a Carnot heat engine are given. The power output and the 
temperature of the source are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. 
Analysis Applying the definition of the thermal efficiency and an energy l 


balance to the heat engine, the power output and the source temperature are 
determined as follows: 


ieee a N N 
On : 
Weer = Mn On = (0.75)(56 kW) = 42 kW 
(5427) K 


>T, =1152 K=879°C 


T 
Ny =1-—+—>0.75 =1 
Ty H 
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6-31 


6-85 A geothermal power plant uses geothermal liquid water at 150°C at a specified rate as the heat source. The actual and 
maximum possible thermal efficiencies and the rate of heat rejected from this power plant are to be determined. 


Assumptions 1 The power plant operates steadily. 2 The kinetic and potential energy changes are zero. 3 Steam properties 
are used for geothermal water. 


Properties Using saturated liquid properties, (Table A-4) 


Tyource,1 = 150°C h 


; geo, = 032.18 kJ/kg 
x = 


source 


Totnes 20> 90°C 
Moure = 377.04 kI/kg 
source = 0 
Tink = 25°C 
Aging =104.83 kJ/kg 
Xsink = 0 


Analysis (a) The rate of heat input to the plant is 
Òn = M geo (Ngeo,1 — Ngeo,2) = (210 kg/s)(632.18 — 377.04) kJ/kg = 53,580 kW 


The actual thermal efficiency is 


W 
a =tout __SOOOKW 0,1493 = 14.9% 
Ò, 53,580kW 


(b) The maximum thermal efficiency is the thermal efficiency of a reversible heat engine operating between the source and 
sink temperatures 


Tey (25+273)K 
Ty (150 +273) K 


Tihmax =1 = 0.2955 = 29.6% 


(c) Finally, the rate of heat rejection is 


Oout = Qin —Waetour = 53,580 - 8000 = 45,580 kW 


6-86 The claim that the efficiency of a completely reversible heat engine can be doubled by doubling the temperature of the 
energy source is to be evaluated. 


Assumptions The heat engine operates steadily. 


Analysis The upper limit for the thermal efficiency of any heat engine occurs when a completely reversible engine operates 
between the same energy reservoirs. The thermal efficiency of this completely reversible engine is given by 
T, Ty W-T, 
ST ee a ee eee 
Ty Ty 


energy reservoir, the new thermal efficiency would be wW 
net 


Tp ii gua 
a 2h Ta 


11th, rev 


On 
If we were to double the absolute temperature of the high temperature (HE) 
QO, 


The thermal efficiency is then not doubled as the temperature of the high temperature reservoir is doubled. 
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6-32 


Carnot Refrigerators and Heat Pumps 


6-87C By increasing T; or by decreasing Ty. 


6-88C The difference between the temperature limits is typically much higher for a refrigerator than it is for an air 
conditioner. The smaller the difference between the temperature limits a refrigerator operates on, the higher is the COP. 
Therefore, an air-conditioner should have a higher COP. 


6-89C The deep freezer should have a lower COP since it operates at a much lower temperature, and in a given 
environment, the COP decreases with decreasing refrigeration temperature. 


6-90C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-91C No. At best (when everything is reversible), the increase in the work produced will be equal to the work consumed 
by the refrigerator. In reality, the work consumed by the refrigerator will always be greater than the additional work 
produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-92C Bad idea. At best (when everything is reversible), the increase in the work produced will be equal to the work 
consumed by the heat pump. In reality, the work consumed by the heat pump will always be greater than the additional 
work produced, resulting in a decrease in the thermal efficiency of the power plant. 


6-93 The minimum work per unit of heat transfer from the low-temperature source for a refrigerator is to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis Application of the first law gives Ci) 


Weain Oio Qu, H 
O, O, Q, (R) 
Wre in 
For the minimum work input, this refrigerator would be completely reversible and QL i 
the thermodynamic definition of temperature would reduce the preceding 
expression to T 


W retin Ty 1 303 K 
O T 273K 


1=0.110 
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6-33 
6-94 The validity of a claim by an inventor related to the operation of a heat pump is to be evaluated. 
Assumptions The heat pump operates steadily. 
Analysis Applying the definition of the heat pump coefficient of performance, 
Oy, 200kW _ e 


COPyp == = = 2.6 5 
E ensin 75KW On 
The maximum COP of a heat pump operating between the same temperature (HD) 75 
limits is Ò, 


E AA e ——— : =14.7 
i 1-T,/T 1-(273 K)/(293 K) 


Since the actual COP is less than the maximum COP, the claim is valid. 


6-95 The power input and the COP of a Carnot heat pump are given. The temperature of the low-temperature reservoir and 
the heating load are to be determined. 


Assumptions The heat pump operates steadily. 
Analysis The temperature of the low-temperature reservoir is 


T 299K 


COP yp max = = 8.7 = —— T, = 264.6 K 
i Ty -T, (299-T,)K 
The heating load is 
On On 
COP, =—— >8.7 = ———_ > = 37.0 kW 
HP,max w 4.25 kW On 


6-96 The refrigerated space and the environment temperatures for a refrigerator and the rate of heat removal from the 
refrigerated space are given. The minimum power input required is to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis The power input to a refrigerator will be a minimum when the refrigerator operates in a reversible manner. The 
coefficient of performance of a reversible refrigerator depends on the temperature limits in the cycle only, and is 


determined from 


COP rey = = 
Bev (T3/T,)-1 (25+273 K\(-8+ 273 K)-1 


The power input to this refrigerator is determined from the definition of 


the coefficient of performance of a refrigerator, 300 kI/min 
Wren min = oe = SOO KD L 37,36 kJ/min = 0.623 kW 
iĝi COP max 8.03 
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6-34 


6-97 An inventor claims to have developed a refrigerator. The inventor reports temperature and COP measurements. The 
claim is to be evaluated. 


Analysis The highest coefficient of performance a refrigerator can have when C286. 
removing heat from a cool medium at -12°C to a warmer medium at 25°C is 


COPR,max = COP Rev = Cp is )-1 (25+273 Ky) a 273K)-1 
H/ iL t ea) x COP= 6.5 
The COP claimed by the inventor is 6.5, which is below this maximum value, thus C zc D 


the claim is reasonable. However, it is not probable. 


6-98E An air-conditioning system maintains a house at a specified temperature. The rate of heat gain of the house and the 
rate of internal heat generation are given. The maximum power input required is to be determined. 


Assumptions The air-conditioner operates steadily. 


Analysis The power input to an air-conditioning system will be a minimum when the air-conditioner operates in a reversible 
manner. The coefficient of performance of a reversible air-conditioner (or refrigerator) depends on the temperature limits 
in the cycle only, and is determined from 


1 1 


= =17.67 
(Ty /T,)-1 (100+ 460 R)(70+ 460 R)-1 


COP rev = 


~ M— 


Ò, =800 +100 =900 Btu/min Hous 
800 kJ/min 75°F 
The power input to this refrigerator is determined from the definition 


of the coefficient of performance of a refrigerator, 


The cooling load of this air-conditioning system is the sum of the heat 
gain from the outside and the heat generated within the house, 


e Ò, _ 900 Btu/min 


aae = 50.93 Btu/min =1.20 hp 
ne:  COPp max 17.67 
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6-35 


6-99 A heat pump maintains a house at a specified temperature. The rate of heat loss of the house and the power 
consumption of the heat pump are given. It is to be determined if this heat pump can do the job. 


Assumptions The heat pump operates steadily. 


Analysis The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. The 
coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and is determined 
from 

1 1 


COP ip rev = = =14.75 


110,000 kJ/h 
1-(%,/T,z) 1-(2+273 K)(22 +273 K) 


The required power input to this reversible heat pump is determined from the 
definition of the coefficient of performance to be 


p = OR suem ah lh ]-2.07 w 


net,in,min 5 kW 
inmin  COPpp 14.75 | 3600s 


This heat pump is powerful enough since 5 kW > 2.07 kW. 


6-100E The power required by a reversible refrigerator with specified reservoir temperatures is to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis The COP of this reversible refrigerator is C saor D 


T 
COPR maxs = E O ais 
' T,-T, 540R-450R CR) as 
Using this result in the coefficient of performance expression yields 15,000 Btu/h 
Wi, -Ê 15,000Btwh(__1kKW__) _p gz wy C asor > 
i COP. 5 3412.14 Btu/h 


R,max 


6-101 The power input and heat rejection of a reversed Carnot cycle are given. The cooling load and the source 
temperature are to be determined. 


Assumptions The refrigerator operates steadily. 


Analysis Applying the definition of the refrigerator coefficient of performance, 


Ò; = Ox —Wrerin = 2000 — 200 =1800 kW 
Applying the definition of the heat pump coefficient of performance, 


Ò, _1800kW _ 
W resin 200 kW 


COP, = 


The temperature of the heat source is determined from 


T, T; 
COP max = > 9= 
Te 300-7, 


> T; =270K =-3°C 
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6-36 


6-102 The power input and the cooling load of an air conditioner are given. The rate of heat rejected in the condenser, the 
COP, and the rate of cooling for a reversible operation are to be determined. 


Assumptions The air conditioner operates steadily. 


Analysis (a) The rate of heat rejected is 


On = Ò, + Win 
= (18,000 Btu/h)| -2E jr oa Se 
1 Btu 11kW 
= 31,230 kJ/h 
(b) The COP is 
(18,000 Buh 5a 
cop = 2. = 3412 Buh) _ 3 562 
3.4 kW ; 


in 
(c) The rate of cooling if the air conditioner operated as a Carnot refrigerator for the same power input is 


T, _ 295K 


COP,,, = 
T-T, @3=22)K 


= 26.82 


3412 Btu/h 


= 311,130 Btu/h 
1kW 


OF ag = COP ey tai = 289 04 kW 


6-103 The rate of heat removal and the source and sink temperatures are given for a Carnot refrigerator. The COP of the 
refrigerator and the power input are to be determined. 


Assumptions The refrigerator operates steadily. 
Analysis The COP of the Carnot refrigerator is determined from 


T 
COP, ene) EE =13.71 


ME Te ate Oba 15) K 


The power input is 


COP% max = = >13.71= 


in in 


no >W,, = 1167 kJ/h = 0.324 kW 


The rate of heat rejected is 


Òn =Q; +Wretin = 16,000 kJ/h +1167 kJ/h = 17,167 kJ/h 
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6-37 


6-104 A heat pump maintains a house at a specified temperature in winter. The maximum COPs of the heat pump for 
different outdoor temperatures are to be determined. 


Analysis The coefficient of performance of a heat pump will be a maximum when the heat pump operates in a reversible 
manner. The coefficient of performance of a reversible heat pump depends on the temperature limits in the cycle only, and 
is determined for all three cases above to be 

1 1 


ee 2 Š = 29.3 
COP pe: 1-(T, /T4) 1—-(10+273K (20 + 273K) 


1 1 q 
PETRS z =11.7 D 
COPs TOF Ty) 1-51 273K (20+273K) 
a MANS. E l =5.86 Ce 
HP,tev = 7L (T, ITa ) 1- (- 304+ 273K (20 + 273K) l 


6-105E A heat pump maintains a house at a specified temperature. The rate of heat loss of the house is given. The minimum 
power inputs required for different source temperatures are to be determined. 


Assumptions The heat pump operates steadily. 


Analysis (a) The power input to a heat pump will be a minimum when the heat pump operates in a reversible manner. If 
the outdoor air at 25°F is used as the heat source, the COP of the heat pump and the required power input are determined to 
be 


1 
COPhp,max = COP prev = 7 < >< 55,000 Btu/h 
1-(T, /Ty) 
1 House 
= =10.15 oF 
1—(25+460 R)/(78 + 460 R) K 
and 
Wo n =< Ou 55,000 Btwh(_1hp 9 a3 pp (uP ) 
jamin COP ip, max 10.15 | 2545 Btu/h 
(b) If the well-water at 50°F is used as the heat source, the COP of the 25°F or 
heat pump and the required power input are determined to be 50°F 
COP = COP = : = l =19.2 
anA Herev “1-(T,/T,) 1-(50+460RY\(78+460R) ` 
and 
We inmin — Qn = ADN Btu ae =1.13 hp 
iaeia COP jp max 19.2 2545 Btu/h 
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6-106 A Carnot heat pump consumes 6.6-kW of power when operating, and maintains a house at a specified temperature. 
The average rate of heat loss of the house in a particular day is given. The actual running time of the heat pump that day, 
the heating cost, and the cost if resistance heating is used instead are to be determined. 


Analysis (a) The coefficient of performance of this Carnot heat pump depends on the temperature limits in the cycle only, 
and is determined from 


1 1 


COP ups “Tp r) 1224273KVO5S+2RK) aS 55,000 kin 
The amount of heat the house lost that day is 

On = Oy (1 day)= (55,000 kJ/h (24 h)=1,320,000 kJ 
Then the required work input to this Carnot heat pump is determined from Ci) a 6.6 kW 


the definition of the coefficient of performance to be 


Wg = Oe a 180,000 _ 101 s80 ts 


netin COP p 12.96 
Thus the length of time the heat pump ran that day is 


W. 
VO Se EEY =15,440 s = 4.29 h 
W. 6.6 kI/s 


net,in 


(b) The total heating cost that day is 


Cost =W x price = w 


net,in 


x At\price)= (6.6 kW {4.29 h\(0.085 $/kWh)=$2.41 


(c) If resistance heating were used, the entire heating load for that day would have to be met by electrical energy. 
Therefore, the heating system would consume 1,320,000 kJ of electricity that would cost 


1 kWh 
New Cost = ice = (1,320,000kJ 
ew Cost = Qy x price ( E kJ 


Jooss $/kWh)= $31.2 
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6-107 A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the refrigerated 
space and the total rate of heat rejection to the ambient air are to be determined. 


Assumptions The heat engine and the refrigerator operate steadily. 


Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is 
the Carnot efficiency, which is determined from 


T, _,_ 300K 
Ty 1173 K 


= 0.744 


11th, max 1ln,C 1 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 
W, 


net, out 


=y = (0.744800 kJ/min) = 595.2 kJ/min 


which is also the power input to the refrigerator, Wy. in - 


The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP of the 
Carnot refrigerator is 


1 1 


= = 8.37 
(T/T,)-1 (27+273 K\(-5+ 273 K)-1 


COPR rev = 


Then the rate of heat removal from the refrigerated space becomes 


Or, r = (COP rey WWretin ) = (8.37(595.2 kJ/min) = 4982 kJ/min 


(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Ò, ne ) and the heat 


discarded by the refrigerator (Òn, R} 


Òr we = Qu me — Whetou = 800 — 595.2 = 204.8 kJ/min 
Òn r = Ôr r + Woetin = 4982 + 595.2 = 5577.2 kJ/min 


and 


Osmbient = Ôr ue + Ôu r = 204.8 + 5577.2 = 5782 kJ/min 
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6-108E A Carnot heat engine is used to drive a Carnot refrigerator. The maximum rate of heat removal from the 
refrigerated space and the total rate of heat rejection to the ambient air are to be determined. 


Assumptions The heat engine and the refrigerator operate steadily. 


Analysis (a) The highest thermal efficiency a heat engine operating between two specified temperature limits can have is 
the Carnot efficiency, which is determined from 


T, _,;_ 540R 
To 2160 R 


11th, max = 1th,c =1 = 0.75 


Then the maximum power output of this heat engine is 
determined from the definition of thermal efficiency to be 


Woetour = nu = (0.75700 Btu/min) = 525 Btu/min 


which is also the power input to the refrigerator, Wye. in - 


The rate of heat removal from the refrigerated space will be a maximum if a Carnot refrigerator is used. The COP of the 
Carnot refrigerator is 


COP, : f 


= = 8.0 
R,rev Gi; IT,)- 1 (80 +460 R)(20 + 460 R)- 1 


Then the rate of heat removal from the refrigerated space becomes 


Òr r = (COP a rey Watin = (8.0525 Btu/min ) = 4200 Btu/min 


(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Opis ) and the heat 


discarded by the refrigerator (Òn, R} 


Ò; ne = Qu we — Wheto = 700-525 =175 Btu/min 
Onr = Orr + Woerin = 4200 + 525 = 4725 Btu/min 


and 


Onmbien = ÔL ue + Ôn r =175 +4725 = 4900 Btu/min 
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6-41 


6-109 A heat pump that consumes 4-kW of power when operating maintains a house at a specified temperature. The house 
is losing heat in proportion to the temperature difference between the indoors and the outdoors. The lowest outdoor 
temperature for which this heat pump can do the job is to be determined. 


Assumptions The heat pump operates steadily. 


Analysis Denoting the outdoor temperature by 7;, the heating load of this house can be expressed as 


Oy = (3800 kJ/h -K (297 - T, )= (1.056 kW/K\297 - T, K 


The coefficient of performance of a Carnot heat pump depends on 
the temperature limits in the cycle only, and can be expressed as 


1 1 
1-(T,/Ty) 1=T,/09TK) 


3800 kJ/h.K 


or, as 
4 kW 


COP,» -ÊH = (1.056 a -T,)K 


net,in 


Equating the two relations above and solving for Tz, we obtain 


T, = 263.5 K = —9.5°C 
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6-110 An air-conditioner with R-134a as the working fluid is considered. The compressor inlet and exit states are specified. 
The actual and maximum COPs and the minimum volume flow rate of the refrigerant at the compressor inlet are to be 
determined. 


Assumptions 1 The air-conditioner operates steadily. 2 The kinetic and potential energy changes are zero. 


Properties The properties of R-134a at the compressor 


inlet and exit states are (Tables A-11 through A-13) Qn 
P, =400kPa | h, =255.55 kJ/kg 
x, =1 v; =0.05120 m°/kg . 
P, =1.2 MPa ; 
Koa ie = 300.61 kJ/kg VV Expansion Wa 
T, =70°C /N valve c 
ompressor 


Analysis (a) The mass flow rate of the refrigerant and the 
power consumption of the compressor are 


3 w 
160 Limin| E i min) 
v 1000L |\ 60s 


v 0.05120m°/kg 


400 kPa 


Evaporator sat. vap. 


= 0.03255 kg/s Q, 


MR 


W., = 1p (hy — h,) = (0.03255 kg/s)(300.61 — 255.55) kJ/kg = 1.467 kW 
The heat gains to the room must be rejected by the air-conditioner. That is, 


1 min 
60s 


Or = Qneat + Qeqripment = (250 Kamin +0.9kW =5.067kW 


Then, the actual COP becomes 


Ò, _5.067kW _ 
W.. 1.467kW 


I 


COP = 


(b) The COP of a reversible refrigerator operating between the same temperature limits is 


1 1 
=x Ty /T, -1 (37 + 273)(23 + 273) -1 


COP =21.14 


(c) The minimum power input to the compressor for the same refrigeration load would be 


Ò, _ 5.067kW 


Win min = = 0.2396 kW 
injmin COP nax 2 1 ; 14 
The minimum mass flow rate is 
TERT inmin _ 0.2396 kW -0.005318 kg/s 


ha =h, (300.61 — 255.55) kJ/kg 


Finally, the minimum volume flow rate at the compressor inlet is 


m 


Ü nin. = 7i g min Yı = (0.0053 18 kg/s)(0.05120 m3/kg) = 0.0002723 m3/s =16.3 LImin 
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6-111 The COP of a completely reversible refrigerator as a function of the temperature of the sink is to be calculated and 
plotted. 


Assumptions The refrigerator operates steadily. et ae 


Analysis The coefficient of performance for this completely reversible O 
refrigerator is given by $ 
T Q Woe in 
COP, max — L a aes : i 
i Ty -T, Ty-250K Q; 


Using EES, we tabulate and plot the variation of COP with the sink 
temperature as follows: 


Ti [K] COPR max 

300 5 

320 3.571 

340 2.778 

360 2.273 

380 1.923 š 

400 1.667 e 

420 1.471 9 

440 1.316 

460 1.19 

480 1.087 

500 1 
0 1 1 1 1 1 1 1 1 1 
300 340 380 420 460 500 


6-112 An expression for the COP of a completely reversible refrigerator in terms of the thermal-energy reservoir 
temperatures, T; and Ty is to be derived. 


Assumptions The refrigerator operates steadily. 


Analysis Application of the first law to the completely reversible refrigerator yields 


W vet,in =O -O, 


This result may be used to reduce the coefficient of performance, Ga aD 


1 
Ca en On 
W retin On -O, On /Q, =i © 
Since this refrigerator is completely reversible, the thermodynamic Woaer.in 
definition of temperature tells us that, Qr 


Qu _TH Th 
Q, T, 


When this is substituted into the COP expression, the result is 


1 T, 


COPR rev = Ge ae ay a S 
ae Tee eT, 
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Special Topic: Household Refrigerators 


6-113C The energy consumption of a household refrigerator can be reduced by practicing good conservation measures such 
as (1) opening the refrigerator door the fewest times possible and for the shortest duration possible, (2) cooling the hot 
foods to room temperature first before putting them into the refrigerator, (3) cleaning the condenser coils behind the 
refrigerator, (4) checking the door gasket for air leaks, (5) avoiding unnecessarily low temperature settings, (6) avoiding 
excessive ice build-up on the interior surfaces of the evaporator, (7) using the power-saver switch that controls the heating 
coils that prevent condensation on the outside surfaces in humid environments, and (8) not blocking the air flow passages to 
and from the condenser coils of the refrigerator. 


6-114C It is important to clean the condenser coils of a household refrigerator a few times a year since the dust that 
collects on them serves as insulation and slows down heat transfer. Also, it is important not to block air flow through the 
condenser coils since heat is rejected through them by natural convection, and blocking the air flow will interfere with this 
heat rejection process. A refrigerator cannot work unless it can reject the waste heat. 


6-115C Today’s refrigerators are much more efficient than those built in the past as a result of using smaller and higher 
efficiency motors and compressors, better insulation materials, larger coil surface areas, and better door seals. 


6-116C It is a bad idea to overdesign the refrigeration system of a supermarket so that the entire air-conditioning needs of 
the store can be met by refrigerated air without installing any air-conditioning system. This is because the refrigerators cool 
the air to a much lower temperature than needed for air conditioning, and thus their efficiency is much lower, and their 
operating cost is much higher. 


6-117C It is a bad idea to meet the entire refrigerator/freezer requirements of a store by using a large freezer that supplies 
sufficient cold air at -20°C instead of installing separate refrigerators and freezers . This is because the freezers cool the air 
to a much lower temperature than needed for refrigeration, and thus their efficiency is much lower, and their operating cost 
is much higher. 
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6-118 A refrigerator consumes 300 W when running, and $74 worth of electricity per year under normal use. The fraction 
of the time the refrigerator will run in a year is to be determined. 


Assumptions The electricity consumed by the light bulb is negligible. 
Analysis The total amount of electricity the refrigerator uses a year is 


_ Total cost of energy — $74/year 


Total electric energy used = W, iota, =—— = = 1057 kWh/year 
i Unit cost of energy $0.07/kWh 


The number of hours the refrigerator is on per year is 


We tota _ 1057 kWh/year 
w, 0.3 kW 


e 


Total operating hours = At = = 3524 h/year 


Noting that there are 365x24=8760 hours in a year, the fraction of the time the 
refrigerator is on during a year is determined to be 


Total operating hours — 3524/year _ 


Time fraction on = 
Total hours per year 8760 h/year 


Therefore, the refrigerator remained on 40.2% of the time. 


6-119 The light bulb of a refrigerator is to be replaced by a $25 energy efficient bulb that consumes less than half the 
electricity. It is to be determined if the energy savings of the efficient light bulb justify its cost. 


Assumptions The new light bulb remains on the same number of hours a year. 
Analysis The lighting energy saved a year by the energy efficient bulb is 


Lighting energy saved = (Lighting power saved)(Operating hours) 
=[(40 —18)W](60 h/year) 
= 1320 Wh =1.32 kWh 
This means 1.32 kWh less heat is supplied to the refrigerated space by the 
light bulb, which must be removed from the refrigerated space. This 
corresponds to a refrigeration savings of 
Lighting energy saved _ 1.32 kWh 
COP 


= 1.02 kWh 


Refrigeration energy saved = 


Then the total electrical energy and money saved by the energy efficient light bulb become 
Total energy saved = (Lighting + Refrigeration) energy saved = 1.32 + 1.02 = 2.34 kWh / year 
Money saved = (Total energy saved)(Unit cost of energy) = (2.34 kWh/year)($0.08 /k Wh) 
= $0.19 / year 


That is, the light bulb will save only 19 cents a year in energy costs, and it will take $25/$0.19 = 132 years for it to pay for 
itself from the energy it saves. Therefore, it is not justified in this case. 
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6-120 A person cooks three times a week and places the food into the refrigerator before cooling it first. The amount of 
money this person will save a year by cooling the hot foods to room temperature before refrigerating them is to be 
determined. 


Assumptions 1 The heat stored in the pan itself is negligible. 2 The specific heat of the food is constant. 
Properties The specific heat of food is c = 3.90 kJ/kg.°C (given). 
Analysis The amount of hot food refrigerated per year is 


Miooq = (5 kg/pan)(3 pans/week)(52 weeks/year) = 780 kg/year 


The amount of energy removed from food as it is unnecessarily cooled to room temperature in the refrigerator is 


Energy removed = Q ut = MgooqC AT = (780 kg/year)(3.90 kJ/kg.°C)(95 — 23)°C = 219,024 kJ/year 
Energy removed _ 219,024 kJ/year | 1kWh 


Energy saved = E savea = “Gop 15 3600 KJ 


Money saved = (Energy saved)(Unit cost of energy) = (40.56 kWh/year)($0.10/kWh) = $4.06/year 


= 40.56 kWh/year 


Therefore, cooling the food to room temperature before putting it into the refrigerator will save about four dollars a year. 
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6-121 The door of a refrigerator is opened 8 times a day, and half of the cool air inside is replaced by the warmer room air. 
The cost of the energy wasted per year as a result of opening the refrigerator door is to be determined for the cases of moist 
and dry air in the room. 


Assumptions 1 The room is maintained at 20°C and 95 kPa at all times. 2 Air is an ideal gas with constant specific heats at 
room temperature. 3 The moisture is condensed at an average temperature of 4°C. 4 Half of the air volume in the 
refrigerator is replaced by the warmer kitchen air each time the door is opened. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg-K (Table A-1). The specific heat of air at room temperature is čp 
= 1.005 kJ/kg-°C (Table A-2a). The heat of vaporization of water at 4°C is hy = 2492 kJ/kg (Table A-4). 


Analysis The volume of the refrigerated air replaced each time the refrigerator is opened is 0.3 m° (half of the 0.6 m° air 
volume in the refrigerator). Then the total volume of refrigerated air replaced by room air per year is 


Vair, replaced = (0.3 m° )(8/day)(365 days/year) = 876 m*/year 


The density of air at the refrigerated space conditions of 95 kPa and 4°C and 
the mass of air replaced per year are 


P 
psa eae =1.195 kg/m? 


RT, (0.287 kPa.m*/kg.K)(4 +273 K) 


Mair = PVair =(1.195 kg/m? )(876 m3/year) = 1047 kg/year 


air 
The amount of moisture condensed and removed by the refrigerator is 


=m 


air (moisture removed per kg air) = (1047 kg air/year)(0.006 kg/kg air) 
= 6.28 kg/year 


M moisture 


The sensible, latent, and total heat gains of the refrigerated space become 


= MairC p ce refig) 

= (1047 kg/year)(1.005 kJ/kg.°C)(20 — 4)°C = 16,836 kJ/year 
hig 
= (6.28 kg/year)(2492 kJ/kg) = 15,650 kJ/year 


Q gain, total = Q gain,sensible rf O sain intent = 16,836 + 15,650 = 32,486 kJ/year 


Q gain,sensible 


Q gain, latent = M moisture 


For a COP of 1.4, the amount of electrical energy the refrigerator will consume to remove this heat from the refrigerated 
space and its cost are 


Electrical energy used (total) = 


Qaain,total _ 32,486 kJ/year ( 1 kWh 
COP 1.4 í 3600 kJ 
Cost of energy used (total) = (Energy used)(Unit cost of energy) 
= (6.45 kWh/year)($0.075/kWh) = $0.48/year 


) = 6.45 kWh/year 


If the room air is very dry and thus latent heat gain is negligible, then the amount of electrical energy the refrigerator will 
consume to remove the sensible heat from the refrigerated space and its cost become 


. : ain,sensible 1 5 k 
Electrical energy used (sensible) = O eain sensibi we “en = 
COP 1.4 3600 kJ 
Cost of energy used (sensible) = (Energy used)(Unit cost of energy) 


= (3.34 kWh/year)($0.075/kWh) = $0.25/year 


= 3.34 kWh/year 
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Review Problems 


6-122 The source and sink temperatures of a heat engine are given. The maximum work per unit heat input to the engine is 


to be determined. 
Assumptions The heat engine operates steadily. 
On 


Analysis The maximum work per unit of heat that the engine can remove from 
the source is the Carnot efficiency, which is determined from 


W vet Paes 290K 


1 =0.773 
Or = Ty 1280K Goo K) 


6-123 The work output and the source and sink temperatures of a Carnot heat engine are given. The heat supplied to and 
rejected from the heat engine are to be determined. 


Assumptions 1 The heat engine operates steadily. 2 Heat losses from the 
working fluid at the pipes and other components are negligible. Cioc D 
Analysis Applying the definition of the thermal efficiency and an energy Qu 
balance to the heat engine, the unknown parameters are determined as (HE) 

QL 


follows: 


reir aa 0 OENE 


Ty (1200 + 273) K 


77 th,max 0.781 


Woe 500KI 
ne 640 kJ 
Qu 0.781 


1th 


QL =Qy — Woe, = 640 — 500 = 140 kJ 


6-124E The operating conditions of a heat pump are given. The minimum temperature of the source that satisfies the 
second law of thermodynamics is to be determined. 


Assumptions The heat pump operates steadily. 


Analysis Applying the first law to this heat pump gives C 530R D 
On 


Ò, = Oy -W nerin = 32,000 Btu/h — (1.8 Kw Meee = 25,860 Btwh © 


1.8 kW 
In the reversible case we have 


Ò, 
Ti s Bi a> 
Ty Qy 
Then the minimum temperature may be determined to be 


T, =T; Qi (530R) 25,860 Btu/h _ 


=428R 
On 32,000 Btu/h 
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6-125 A heat pump with a specified COP is to heat a house. The rate of heat loss of the house and the power consumption 
of the heat pump are given. The time it will take for the interior temperature to rise from 3°C to 22°C is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The house is well-sealed so that no air 


leaks in or out. 3 The COP of the heat pump remains constant during operation. 


Properties The constant volume specific heat of air at room temperature is cy = 0.718 kJ/kg.°C (Table A-2) 


Analysis The house is losing heat at a rate of 
Or oss = 40,000 kJ/h = 11.11 kJ/s 
The rate at which this heat pump supplies heat is 
Òn = COPypW retin = (2.4)(8 KW) = 19.2 kW 


That is, this heat pump can supply heat at a rate of 19.2 kJ/s. Taking 
the house as the system (a closed system), the energy balance can be 
written as 


E i: E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin ~ Qou = AU = m(uz =u) 
Qin — Dou = mey (Tp —F}) 
(Qin - Oou )At = me, (Ty -T)) 
Substituting, 
(19.2 —11.11kJ/s)At = (2000kg)(0.71 8kI/kg-” C22 -3)°C 


Solving for Ag, it will take 
At = 3373s = 0.937h 


for the temperature in the house to rise to 22°C. 


40,000 kJ/h 
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6-126E A refrigerator with a water-cooled condenser is considered. The cooling load and the COP of a refrigerator are 
given. The power input, the exit temperature of water, and the maximum possible COP of the refrigerator are to be 
determined. 


Assumptions The refrigerator operates steadily. 


Analysis (a) The power input is 


ae Q, _ 24,000 Btu/h(1.055kJ 1h -3.974 kW 
COP 1.77 1Btu J( 3600s 
(b) The rate of heat rejected in the condenser is 
OF = Ò, + Win 
= 24,000 Btu/h + 3.974 kw| Bm \ 3600s 
1.055 kJ lh 
= 37,560 Btu/h 
The exit temperature of the water is 
On =mc ,(T> al) 
bee cas Lu 
mc, 
= 58°F + 5/000 Bih, =65.2°F 
3600s 


(1.45 toms} Ja .0 Btu/Ibm : °F) 


lh 
(c) Taking the temperature of high-temperature medium to be the average temperature of water in the condenser, 


ie 25 + 460 


= =13.3 
Tą -T, 0.5(58+65.2)-25 


COP ey = 


6-127 A Carnot heat engine cycle is executed in a closed system with a fixed mass of R-134a. The thermal efficiency of the 
cycle is given. The net work output of the engine is to be determined. 


Assumptions All components operate steadily. 
Properties The enthalpy of vaporization of R-134a at 50°C is hg = 151.79 kJ/kg (Table A-11). 


Analysis The enthalpy of vaporization hy at a given T or P represents the 
amount of heat transfer as 1 kg of a substance is converted from saturated 
liquid to saturated vapor at that T or P. Therefore, the amount of heat 
transfer to R-134a during the heat addition process of the cycle is 


Oy = mh asorc = (0.01 kg\151.79 kJ/kg) = 1.518 kJ 


Carnot HE 


Then the work output of this heat engine becomes 


Woerout = Oy = (0.15X1.518 kJ) = 0.228 kJ 
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6-128 A heat pump with a specified COP and power consumption is used to heat a house. The time it takes for this heat 
pump to raise the temperature of a cold house to the desired level is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The heat loss of the house during the 
warp-up period is negligible. 3 The house is well-sealed so that no air leaks in or out. 


Properties The constant volume specific heat of air at room temperature is cy = 0.718 kJ/kg.°C. 
Analysis Since the house is well-sealed (constant volume), the total amount of heat that needs to be supplied to the house is 


On, = (meyAT noice = (1500 kg)(0.718 kJ/kg -°C22 -7)°C = 16,155 kJ 
The rate at which this heat pump supplies heat is 
On, = COP ypWoein = (2.85 KW) = 14 kW 


That is, this heat pump can supply 14 kJ of heat per second. Thus the time required to @ 5 kW 
supply 16,155 kJ of heat is 


Ap = Qu 16,155 KJ 


=1154 s =19.2 min 
O,  14kKJ/s 


6-129 A solar pond power plant operates by absorbing heat from the hot region near the bottom, and rejecting waste heat to 
the cold region near the top. The maximum thermal efficiency that the power plant can have is to be determined. 


Analysis The highest thermal efficiency a heat engine operating between two 


specified temperature limits can have is the Carnot efficiency, which is determined 
from 
T, K 
Tih,max = inc = 1 T, 1 = 1 0.127 or 12.7% (HE) 
W 
In reality, the temperature of the working fluid must be above 35°C in the condenser, 
and below 80°C in the boiler to allow for any effective heat transfer. Therefore, the Ge D 
maximum efficiency of the actual heat engine will be lower than the value calculated 
above. 
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6-130 A Carnot heat engine cycle is executed in a closed system with a fixed mass of steam. The net work output of the 
cycle and the ratio of sink and source temperatures are given. The low temperature in the cycle is to be determined. 


Assumptions The engine is said to operate on the Carnot cycle, which is totally reversible. 


Analysis The thermal efficiency of the cycle is 


T 1 Carnot HE 
Ny =1-—+=1-==0.5 
Ty 2 
Also, 
60 kJ 
nese Soe ae =120kJ 
On 1th 0.5 
Q, =Qy -W =120-60=60kJ 
and 0.025 kg 
H,0 
QO, 60 kJ $ 
== = —_— = 2400 kJ/kg = h po 
TES i 005 ke BSN ON, 


since the enthalpy of vaporization hj at a given T or P represents the amount of heat transfer as 1 kg of a substance is 
converted from saturated liquid to saturated vapor at that T or P. Therefore, 7; is the temperature that corresponds to the 
hg value of 2400 kJ/kg, and is determined from the steam tables (Table A-4) to be 


Tr = 42.5°C 
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EES 
6-131 Problem 6-130 is reconsidered. The effect of the net work output on the required temperature of the steam 
during the heat rejection process as the work output varies from 40 kJ to 60 kJ is to be investigated. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 

m=0.025 [kg] 

RatioT=0.5 "RatioT=T_L/T_H" 
"W_net_out=60 [kJ]" 


"Properties" 

Fluid$= 'steam_iapws' 
h_f=enthalpy(Fluid$, T=T_L, x=0) 
h_g=enthalpy(Fluid$, T=T_L, x=1) 
h_fg=h_g-h_f 


"Analysis" 
eta_th=1-RatioT 
eta_th=W_net_out/Q_H 
Q_L=Q_H-W_net_out 


Q_L=m*h_fg 
Wout Tuc 300 
[kJ] [C] 
40 270.8 
42.5 252.9 250 
45 232.8 
47.5 209.9 200 
50 184 
52.5 154.4 5 
55 120.8 = 150 
57.5 83.17 z 
60 42.5 100 
50 
0 p oo E a Ce C Co poy EN 
40 48 52 56 60 
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6-132 A Carnot refrigeration cycle is executed in a closed system with a fixed mass of R-134a. The net work input and the 


ratio of maximum-to-minimum temperatures are given. The minimum pressure in the cycle is to be determined. 
Assumptions The refrigerator is said to operate on the reversed Carnot cycle, which is totally reversible. 


Analysis The coefficient of performance of the cycle is 
1 1 T Ty = 1.27, 


COP, = = = 5 
TIT oA. 1.2-1 

Also, 

COP, a > Q, = COP, xW, = (522 kJ)=110 kJ 

Qy =O, +W =1104+22 =132kI 
and 

Oy  132kJ 
=137.5kI/kg = h 
Tu= m 096kg 8 = 8 OT 


since the enthalpy of vaporization hę at a given T or P represents the amount of heat transfer per unit mass as a substance is 
converted from saturated liquid to saturated vapor at that T or P. Therefore, Ty is the temperature that corresponds to the 


hg value of 137.5 kJ/kg, and is determined from the R-134a tables to be 
Ty = 61.3°C = 334.3 K 


Then, 
T 4.3K 
= EOE 278,6 KE SEC 
1.2 1.2 
Therefore, 
Prin = sat@5.6°C = 355 kPa 
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EES 
6-133 Problem 6-132 is reconsidered. The effect of the net work input on the minimum pressure as the work input 
varies from 10 kJ to 30 kJ is to be investigated. The minimum pressure in the refrigeration cycle is to be plotted as a 
function of net work input. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Analysis: The coefficient of performance of the cycle is given by" 

m_R134a = 0.96 [kg] 

THtoTLRatio = 1.2 "T_H=1.2T_L" 

"W_in = 22 [kJ]" "Depending on the value of W_in, adjust the guess value of T_H." 
COP_R = 1/( THtoTLRatio- 1) 

Q_L=W/_in*COP_R 


"First law applied to the refrigeration cycle yields:" 
QL+W_in=QH 


"Steady-flow analysis of the condenser yields 

m_R134a*h_3 = m_R134a*h_4+Q_H 

Q_H=m_R134a*(h_3-h_4) andh_fg=h_3-h_4 also T_H=T_3=T_4" 
Q_H=m_R134a*h_fg 

h_fg=enthalpy(R134a,T=T_H,x=1) - enthalpy(R134a,T=T_H,x=0) 
T_H=THtoTLRatio*T_L 

"The minimum pressure is the saturation pressure corresponding to T_L." 
P_min = pressure(R134a,T=T_L,x=0)*convert(kPa,MPa) 
T.LC=T_L-273 


Win Prin Tu TL TL Cc 

[kJ] [MPa] [K] [K] [C] 

10 0.8673 368.8 307.3 34.32 
15 0.6837 358.9 299 26.05 
20 0.45 342.7 285.6 12.61 
25 0.2251 319.3 266.1 -6.907 
30 0.06978 287.1 239.2 -33.78 


Prin [MPa] 


Win [kJ] 


Win [kJ] 
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6-134 Two Carnot heat engines operate in series between specified temperature limits. If the thermal efficiencies of both 
engines are the same, the temperature of the intermediate medium between the two engines is to be determined. 


Assumptions The engines are said to operate on the Carnot cycle, which is totally 
reversible. 


Analysis The thermal efficiency of the two Carnot heat engines can be expressed as 
T T, 
=1-— and =|-+ 
th,1 Ta 7th, 11 T 
Equating, 


T 
1- -1-4 
Ty T 


Solving for T, 


T = JT 47, =4/(1800 K)(300 K) =735 K 


6-135E The thermal efficiency of a completely reversible heat engine as a function of the source temperature is to be 
calculated and plotted. 


Assumptions The heat engine operates steadily. 


Analysis With the specified sink temperature, the thermal efficiency of this completely 
reversible heat engine is 

T; 1 500R 

Ty Ty 


7 th,rev 1 


Using EES, we tabulate and plot the variation of thermal efficiency with the source temperature: 


Tu [R] T)th,rev 0.8 
500 0 H 
650 0.2308 0.7 
800 0.375 he 
950 0.4737 | | 
1100 0.5455 5 05 
1250 0.6 3 | | 
1400 0.6429 £ 0A 
1550 0.6774 = L J 
1700 0.7059 0.3 
1850 0.7297 H J 
2000 0.75 0.2 
0.1 
0 fi fi fi 1 fi 
500 800 1100 1400 1700 2000 


Ty [R] 
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6-136 A Carnot heat engine drives a Carnot refrigerator that removes heat from a cold medium at a specified rate. The rate 
of heat supply to the heat engine and the total rate of heat rejection to the environment are to be determined. 


Analysis (a) The coefficient of performance of the Carnot refrigerator is 
1 1 


COPR c = = =6.143 
RC (Ty /T,)-1 (00 KY(258 K)-1 


Then power input to the refrigerator becomes 


Ò, _ 250 kJ/min 


Wins = 40.7 kJ/min 
in COPee 6.143 


which is equal to the power output of the heat engine, Wyre out « 


The thermal efficiency of the Carnot heat engine is determined from 


T K 
ac =1-—+=1 OK 06669 
i Ty 900 K 


Then the rate of heat input to this heat engine is determined from the definition of thermal efficiency to be 


Wretout _ 40.7 kJ/min 
Mca 0.6667 


= 61.1kJ/min 


Òn mE 7 
(b) The total rate of heat rejection to the ambient air is the sum of the heat rejected by the heat engine (Onan ) and the heat 
discarded by the refrigerator (One ), 


Or ue =Qn ue —Woerour = 61-1- 40.7 = 20.4 kJ/min 
Our =O1.R + Wrerin =250 + 40.7 = 290.7 kJ/min 


and 


Ò Ambient =OLne + Ôp r = 20.4 + 290.7 =311kJ/min 
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EES 
6-137 Problem 6-136 is reconsidered. The effects of the heat engine source temperature, the environment 
temperature, and the cooled space temperature on the required heat supply to the heat engine and the total rate of heat 
rejection to the environment as the source temperature varies from 500 K to 1000 K, the environment temperature varies 
from 275 K to 325 K, and the cooled space temperature varies from -20°C to 0°C are to be investigated. The required heat 
supply is to be plotted against the source temperature for the cooled space temperature of -15°C and environment 
temperatures of 275, 300, and 325 K. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


_dot_L_R = 250 [kJ/min] 
surr = 300 [K] 

H = 900 [K] 

L_C = -15 [C] 

L 


Q 
T 
T 
TL 
T_L=T_L_C+ 273 


"Coefficient of performance of the Carnot refrigerator:" 
T_H_R=T_surr 

COP_R = 1/(T_H_R/T_L-1) 

"Power input to the refrigerator:" 
W_dot_in_R=Q_dot_L_R/COP_R 

"Power output from heat engine must be:" 
W_dot_out_HE = W_dot_in_ R 

"The efficiency of the heat engine is:" 
T_LHE=T_surr 

eta_HE=1-T_L_HE/T_H 

"The rate of heat input to the heat engine is:" 

Q dot H_HE = W_dot_out_HE/eta_HE 

"First law applied to the heat engine and refrigerator:" 
Q dot_L HE=Q dot_H_HE - W_dot_out_HE 

Q dot H R=Q dot L R+W _ dot_in R 


Ty Que Qsurr 
[k] [kJ/min] | [kJ/min] 
500 36.61 286.6 
600 30.41 280.4 
700 27.13 277.1 
800 25.1 275.1 
900 23.72 273.7 
1000 22.72 272.7 T 
£ 
z 
Tuc Que Qsurr F 
[C] [kJ/min] | [kJ/min] I 
-20 31.3 281.3 oO 
-18 28.24 278.2 
-16 25.21 275.2 
-14 22.24 272.2 
-12 19.31 269.3 SDan EAEE E Me 
-10 16.43 266.4 500 600 700 800 900 1000 
-8 13.58 263.6 Th [K] 
-6 10.79 260.8 
-4 8.03 258 
-2 5.314 255.3 
0 2.637 252.6 
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Qsurr [kJ/min] 


Que [kJ/min] 


Qsurr [kJ/min] 
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6-138 Half of the work output of a Carnot heat engine is used to drive a Carnot heat pump that is heating a house. The 
minimum rate of heat supply to the heat engine is to be determined. 


Assumptions Steady operating conditions exist. 


Analysis The coefficient of performance of the Carnot heat pump is 


1 1 
EIET PR T E SE o 
ŒC 1-(T,/Ta) 1-(2+273 KV(22+ 273 K) 


Then power input to the heat pump, which is supplying heat to the 
house at the same rate as the rate of heat loss, becomes @ 


7 Oy  _ 62,000 kJ/h 
nom  COP;ip c 14.75 


which is half the power produced by the heat engine. Thus the power E> 
output of the heat engine is 


= 4203 kJ/h 


W, 


net,out 


= 2W. 


netin 2(4203 kJ/h) = 8406 kJ/h 
To minimize the rate of heat supply, we must use a Carnot heat engine whose thermal efficiency is determined from 


T, _,_ 293K 
Ty 1073 K 


= 0.727 


th,C 1 


Then the rate of heat supply to this heat engine is determined from the definition of thermal efficiency to be 


' W. 
On we =——— = SHOR 11,560 kJ/h 


Thh, HE 0.727 


6-139E An extraordinary claim made for the performance of a refrigerator is to be evaluated. 


Assumptions Steady operating conditions exist. CBF 


Analysis The performance of this refrigerator can be evaluated by comparing it 


with a reversible refrigerator operating between the same temperature limits: On 
COP = COP, = : = : =12.4 QR) 
ene Rey T /T,-1 (75+460)/(35+460)-1 ~ : COP=13.5 
Q, 
Discussion This is the highest COP a refrigerator can have when absorbing 
heat from a cool medium at 35°F and rejecting it to a warmer medium at 75°F. 
Since the COP claimed by the inventor is above this maximum value, the 


claim is false. 
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6-140 A Carnot heat pump cycle is executed in a steady-flow system with R-134a flowing at a specified rate. The net power 
input and the ratio of the maximum-to-minimum temperatures are given. The ratio of the maximum to minimum pressures 
is to be determined. 


Analysis The coefficient of performance of the cycle is 


1 1 
6.0 


COPyp =_————- = ———- = 6. 
i Net eis ITA 


and 


Òu =COPypxW, =(6.0)(5 kW) = 30.0 kJ/s 


Oy 30.0 kI/s 
= =H = = 136.36 kJ/kg = h po 
Ia a 022 kg/s E= NT 


since the enthalpy of vaporization hj at a given T or P represents the 
amount of heat transfer per unit mass as a substance is converted from 
saturated liquid to saturated vapor at that T or P. Therefore, Ty is the 
temperature that corresponds to the hy value of 136.36 kJ/kg, and is 
determined from the R-134a tables to be 


Ty =62.0°C =335.1K 


and 
Prax = F sat@62.0°C = 1763 kPa 
T ; 
T, = 2I. 991.4 K =18.3°C 
1.25 1.2 
Also, 
Pain = Peat@is.3ec = 542 kPa 


Then the ratio of the maximum to minimum pressures in the cycle is 


Prax _ 1763kPa _ 
P- 542kPa 


min 
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6-141 Switching to energy efficient lighting reduces the electricity consumed for lighting as well as the cooling load in 
summer, but increases the heating load in winter. It is to be determined if switching to efficient lighting will increase or 
decrease the total energy cost of a building. 


Assumptions The light escaping through the windows is negligible so that the entire lighting energy becomes part of the 
internal heat generation. 


Analysis (a) Efficient lighting reduces the amount of electrical energy used for lighting year-around as well as the amount 
of heat generation in the house since light is eventually converted to heat. As a result, the electrical energy needed to air 
condition the house is also reduced. Therefore, in summer, the total cost of energy use of the household definitely 
decreases. 


(b) In winter, the heating system must make up for the reduction in the heat generation due to reduced energy used for 
lighting. The total cost of energy used in this case will still decrease if the cost of unit heat energy supplied by the heating 
system is less than the cost of unit energy provided by lighting. 


The cost of 1 kWh heat supplied from lighting is $0.08 since all the energy consumed by lamps is eventually 
converted to thermal energy. Noting that 1 therm = 105,500 kJ = 29.3 kWh and the furnace is 80% efficient, the cost of 1 
kWh heat supplied by the heater is 


Cost of 1 kWh heat supplied by furnace = (Amount of useful energy/77 grace (Price) 


1 therm 
29.3 kWh 


= [(1 kWh)/0.80]($1 therm] 
= $0.060 (per kWh heat) | | 


which is less than $0.08. Thus we conclude that switching to energy efficient lighting = 
will reduce the total energy cost of this building both in summer and in winter. 


Discussion To determine the amount of cost savings due to switching to energy efficient lighting, consider 10 h of 
operation of lighting in summer and in winter for 1 kW rated power for lighting. 


Current lighting: 

Lighting cost: (Energy used)(Unit cost)= (1 kW)(10 h)($0.08/k Wh) = $0.80 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(10 kWh/3.5)($0.08/k Wh) = $0.23 

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(10/0.8 kWh)($1.40/29.3/kWh) =$0.60 
Total cost in summer = 0.80+0.23 = $1.03; Total cost in winter = $0.80-0.60 = 0.20. 


Energy efficient lighting: 

Lighting cost: (Energy used)(Unit cost)= (0.25 kW)(10 h)($0.08/kWh) = $0.20 

Increase in air conditioning cost: (Heat from lighting/COP)(unit cost) =(2.5 kWh/3.5)($0.08/kWh) = $0.06 

Decrease in the heating cost = [Heat from lighting/Eff](unit cost)=(2.5/0.8 kWh)($1.40/29.3/kWh) = $0.15 
Total cost in summer = 0.20+0.06 = $0.26; Total cost in winter = $0.20-0.15 = 0.05. 


Note that during a day with 10 h of operation, the total energy cost decreases from $1.03 to $0.26 in summer, and from 
$0.20 to $0.05 in winter when efficient lighting is used. 
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6-142 A heat pump is used to heat a house. The maximum money saved by using the lake water instead of outside air as the 
heat source is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 


Analysis When outside air is used as the heat source, the cost of energy is calculated considering a reversible heat pump as 
follows: 


COP ax = Ls : =11.92 
1-T, /Ty 1-(0+273)/(25+ 273) 
ee Ox _ (140,000/3600) kW _ paca 
mum COP. 11.92 l 


max 


Cost ,;, = (3.262 kW)(100 h)($0.085/kWh) = $27.73 


Repeating calculations for lake water, 


1 1 


COD e 987 
[=7, fh. 1-(10+273)/(25 +273) 
es Òn __ (140,000/3600) KW _) 957kW 


inmin COP 19.87 


max 


CoSt jake = (1.957 kW)(100 h)($0.085/kWh) = $16.63 


Then the money saved becomes 


Money Saved = Cost pir — Cost jake = $27.73 - $16.63 = $11.10 
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6-143 The cargo space of a refrigerated truck is to be cooled from 25°C to an average temperature of 5°C. The time it will 
take for an 8-kW refrigeration system to precool the truck is to be determined. 


Assumptions 1 The ambient conditions remain constant during precooling. 2 The doors of the truck are tightly closed so 
that the infiltration heat gain is negligible. 3 The air inside is sufficiently dry so that the latent heat load on the refrigeration 
system is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The density of air is taken 1.2 kg/m’, and its specific heat at the average temperature of 15°C is Cp= 1.0 kJ/kg-°C 
(Table A-2). 


Analysis The mass of air in the truck is 
Mair = PainVervck = (1-2 kg/m?)(12 mx 2.3 mx 3.5 m) = 116 kg 


The amount of heat removed as the air is cooled from 25 to 5°C 


Opotin ait = (mc AT) air = ad 16 kg)(1.0 kJ/kg.°C)(25 ~ 5)°C 
= 2,320 kJ 
Noting that UA is given to be 80 W/°C and the average air temperature in the truck Q 


during precooling is (25+5)/2 = 15°C, the average rate of heat gain by transmission is 
determined to be 


= UAAT = (80 W/° C)(25 —15)° C = 800 W =0.80kI/s 


Orransinigsion ave 
Therefore, the time required to cool the truck from 25 to 5°C is determined to be 
Qrefrig At = Qeooling,air + O rarismissioñ At 


Ongena _ 2,320kJ 
(8-0.8) kJ/s 


> At = — = 322s = 5.4min 


refrig. O ansmission 
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6-144 A refrigeration system is to cool bread loaves at a rate of 1200 per hour by refrigerated air at -30°C. The rate of heat 
removal from the breads, the required volume flow rate of air, and the size of the compressor of the refrigeration system are 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The thermal properties of the bread loaves are constant. 3 The cooling 
section is well-insulated so that heat gain through its walls is negligible. 


Properties The average specific and latent heats of bread are given to Air 
be 2.93 kJ/kg.°C and 109.3 kJ/kg, respectively. The gas constant of pee -30°C 
air is 0.287 kPa.m*/kg.K (Table A-1), and the specific heat of air at 
the average temperature of (-30 + -22)/2 = -26°C = 250 K is cp =1.0 
kJ/kg.°C (Table A-2). 


Analysis (a) Noting that the breads are cooled at a rate of 500 loaves per 
hour, breads can be considered to flow steadily through the cooling 
section at a mass flow rate of 


Mbread = (1200 breads/h)(0.350 kg/bread) = 420 kg/h = 0.1167 kg/s 


Then the rate of heat removal from the breads as they are cooled from 30°C to -10°C and frozen becomes 
Obreaa = (rine pAT) bread = (420 kg/h)(2.93 kI/kg.°C)[(30 — (-10)]°C = 49,224 kJ/h 
Orreering = (Mhiatent ) bread = (420 kg/h \109.3kI/kg) = 45,906 kJ/h 
and 
Orotat = Ooread + Qireering = 49.224 + 45,906 = 95,130 kJ/h 


(b) All the heat released by the breads is absorbed by the refrigerated air, and the temperature rise of air is not to exceed 
8°C. The minimum mass flow and volume flow rates of air are determined to be 


ie 130 kJ/h 
Mair E RE L =11,891 kg/h 
(c AT)air (1.0 KJ/kg.°C)(8°C) 
P 101.3 kPa EEE 


pP = — = = 
RT (0.287 kPa.m?/kg.K)(-30 + 273) K 


Mar 11,891 kg/h 


= 8185 m?/h 
Par 1.453 kg/m? 


(c) For a COP of 1.2, the size of the compressor of the refrigeration system must be 


i. -Leetie _ 95,130 K/h _ 
rig COP 1.2 


79,275 kJ/h = 22.02 kW 
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6-145 The drinking water needs of a production facility with 20 employees is to be met by a bobbler type water fountain. 
The size of compressor of the refrigeration system of this water cooler is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Water is an incompressible substance with constant properties at room 
temperature. 3 The cold water requirement is 0.4 L/h per person. 


Properties The density and specific heat of water at room temperature are p= 1.0 kg/L and c = 4.18 kJ/kg.°C.C (Table A- 
3). 


Analysis The refrigeration load in this case consists of the heat gain of the reservoir and the cooling of the incoming water. 
The water fountain must be able to provide water at a rate of 


Titwater = PV water = (1 kg/L)(0.4 L/h - person)(20 persons) = 8.0 kg/h 
To cool this water from 22°C to 8°C, heat must removed from the ' 3 
Water in 
water at a rate of 22°C 


O oiie = MC, (Tin F Tout) 
= (8.0 kg/h)(4.18 KJ/kg.°C)(22 - 8)°C i 
= 468 kJ/h =130W (since 1 W =3.6kJ/h) 


Then total refrigeration load becomes 


Ò erig, total — O fave T Onset = 130+ 45=175 W 


Noting that the coefficient of performance of the refrigeration Refrig. 
system is 2.9, the required power input is 


3 —i— 


a 


Water out 


We. _ Qrotig -ISW _ 693 Ww Be 
rtis COP 29 . 


Therefore, the power rating of the compressor of this refrigeration system must be at least 60.3 W to meet the cold water 
requirements of this office. 
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6-146E A washing machine uses $33/year worth of hot water heated by a gas water heater. The amount of hot water an 
average family uses per week is to be determined. 

Assumptions 1 The electricity consumed by the motor of the washer is negligible. 2 Water is an incompressible substance 
with constant properties at room temperature. 

Properties The density and specific heat of water at room temperature are p = 62.1 lbm/ft’ and c = 1.00 Btu/Ibm.°F (Table 
A-3E). 

Analysis The amount of electricity used to heat the water and the net amount transferred to water are 


Total cost of energy _—‘$33/year 


- = 27.27 therms/year 
Unit cost of energy $1.21/therm 


Total energy used (gas) = 


Total energy transfer to water = E;,, = (Efficiency)(Total energy used) = 0.58 x 27.27 therms/year 
100,000 Btu y 1 year ) 


=15.82 therms/year = (15.82 therms/year) 
1 therm 52 weeks 


= 30,420 Btu/week 
Then the mass and the volume of hot water used per week become 


7 30,420 Btu/week 
) (1.0 Btu/Ibm.°F)(130-60)°F 


Ein =MC(T oy Tn) > m= = = 434.6 Ibm/week 
c(T, 


ut “di 


and 


7.4804 gal 


SOS 2 (7.0 ft? wee SE) = 52.4 gal/week 
t 


va O 62.1 Ibm/ft? 


Therefore, an average family uses about 52 gallons of hot water per week for washing clothes. 
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6-147 D A typical heat pump powered water heater costs about $800 more to install than a typical electric water heater. 
The number of years it will take for the heat pump water heater to pay for its cost differential from the energy it saves is to 
be determined. 


Assumptions 1 The price of electricity remains constant. 2 Water is 
an incompressible substance with constant properties at room 
temperature. 3 Time value of money (interest, inflation) is not 
considered. 


Analysis The amount of electricity used to heat the water and the 
net amount transferred to water are 


F Total cost of 
Total energy used (electrical) = otal cost of energy 


Unit cost of energy 
_ $250/year 
~ $0.080/kWh 
= 3125 kWh/year 


Total energy transfer to water = £;,, = (Efficiency)(Total energy used) = 0.95 x 3125 kWh/year 
= 2969 kWh/year 


The amount of electricity consumed by the heat pump and its cost are 


Energy transfer to water _ 2969 kWh/year 


Energy usage (of heat pump) = = 899.6 kWh/year 
gy usage ( pump) COP, 33 y 
Energy cost (of heat pump) = (Energy usage)(Unit cost of energy) = (899.6 kWh/year)($0.08/kWh) 
= $71.97/year 


Then the money saved per year by the heat pump and the simple payback period become 
Money saved = (Energy cost of electric heater) - (Energy cost of heat pump) 
= $250 — $71.97 = $178.0 
Additional installation cost $800 
Money saved $178.0/year 


Simple payback period = = 4.49 years 


Discussion The economics of heat pump water heater will be even better if the air in the house is used as the heat source for 
the heat pump in summer, and thus also serving as an air-conditioner. 
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>) 
6-148 Problem 6-147 is reconsidered. The effect of the heat pump COP on the yearly operation costs and the 
number of years required to break even are to be considered. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Energy supplied by the water heater to the water per year is E_ElecHeater" 


"Cost per year to operate electric water heater for one year is:" 
Cost_ElectHeater = 250 [$/year] 


"Energy supplied to the water by electric heater is 90% of energy purchased" 
eta=0.95 

E_ElectHeater = eta*Cost_ElectHeater /UnitCost "[kWh/year]" 
UnitCost=0.08 [$/kWh] 


"For the same amont of heated water and assuming that all the heat energy leaving the heat pump goes into the 
water, then" 

“Energy supplied by heat pump heater = Energy supplied by electric heater" 

E_HeatPump = E_ElectHeater "[kWh/year]" 


"Electrical Work enegy supplied to heat pump = Heat added to water/COP" 
COP=3.3 
W_HeatPump = E_HeatPump/COP "[kWh/year]" 


"Cost per year to operate the heat pump is" 
Cost_HeatPump=W_HeatPump*UnitCost 


"Let N_BrkEven be the number of years to break even:" 

"At the break even point, the total cost difference between the two water heaters is zero." 
"Years to break even, neglecting the cost to borrow the extra $800 to install heat pump" 
CostDiff_total = 0 [$] 
CostDiff_total=AddCost+N_BrkEven*(Cost_HeatPump-Cost_ElectHeater) "[$]" 
AddCost=800 [$] 


COP Berkeven CoStyeatPump CoStelektHeater 
[years] [S/year] [S/year] 

2 6.095 118.8 250 
2.3 5.452 103.3 250 
2.6 5.042 91.35 250 
2.9 4.759 81.9 250 
3.2 4.551 74.22 250 
3.5 4.392 67.86 250 
3.8 4.267 62.5 250 
4.1 4.165 57.93 250 
4.4 4.081 53.98 250 
4.7 4.011 50.53 250 

5 3.951 47.5 250 
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6.5 r 7 7 r i; 1 


5.5 


4.5 


NBrkEven [years] 


3.5 


2 2.5 3 3.5 4 4.5 5 


$a 
249 Electric 


200 


160 


120 


Cost [$/year] 


80 


40 


COP 
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6-149 A home owner is to choose between a high-efficiency natural gas furnace and a ground-source heat pump. The 


system with the lower energy cost is to be determined. 


Assumptions The two heater are comparable in all aspects other than the cost of energy. 


Analysis The unit cost of each kJ of useful energy supplied to the house by each system is 


Natural gas furnace: Unit cost of useful energy = LAAD- Therm 
0.97 105,500 kJ 
Heat Pump System: Unit cost of useful energy = ($0.092/kWh) (_1kWh 
3.5 3600 kJ 


The energy cost of ground-source heat pump system will be lower. 


J- $13.8x10°°/kJ 


J=873x10% ia 
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6-150 The ventilating fans of a house discharge a houseful of warmed air in one hour (ACH = 1). For an average outdoor 


temperature of 5°C during the heating season, the cost of energy “vented out” by the fans in 1 h is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all times. 3 The 
infiltrating air is heated to 22°C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 


temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 


Properties The gas constant of air is R = 0.287 kPa.m*/kg-K (Table A-1). The specific heat of air at room temperature is Cp 


= 1.0 kJ/kg-°C (Table A-2a). 
Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 


E; 92 kPa 


= : = 1.087 kg/m? 
RT, (0.287 kPa.m”/kg.K)(22 + 273 K) 


Po = 


Noting that the interior volume of the house is 200 x 2.8 = 560 m’, the 
mass flow rate of air vented out becomes 


pV = (1.087 kg/m? (560 m3 /h) = 608.7 kg/h = 0.169 kg/s 
air 


Mair = 


Noting that the indoor air vented out at 22°C is replaced by infiltrating 
outdoor air at 5°C, this corresponds to energy loss at a rate of 


Oross,tan = MarCp (indoors a T oüidoors ) 
= (0.169 kg/s)(1.0 kJ/kg.°C)(22 - 5)°C = 2.874 kJ/s = 2.874 kW 


Then the amount and cost of the heat “vented out” per hour becomes 


Fuel energy loss = Qhoss, fan At / Nrarnace = (2.874 kW)(1h)/0.96 = 2.994 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 


1 therm 


= (2.994 kWh)($1.20/therm) 
29.3 kWh 


= $0.123 


Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 


ventilating fans should be used sparingly. 
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os t 1 
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6-151 The ventilating fans of a house discharge a houseful of air-conditioned air in one hour (ACH = 1). For an average 
outdoor temperature of 28°C during the cooling season, the cost of energy “vented out” by the fans in 1 h is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The house is maintained at 22°C and 92 kPa at all times. 3 The 
infiltrating air is cooled to 22°C before it is vented out. 4 Air is an ideal gas with constant specific heats at room 
temperature. 5 The volume occupied by the people, furniture, etc. is negligible. 6 Latent heat load is negligible. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg-K (Table A-1). The specific heat of air at room temperature is 
Cp = 1.0 kI/kg-°C (Table A-2a). 


Analysis The density of air at the indoor conditions of 92 kPa and 22°C is 
P 92 kPa 


o 


RT, (0.287 kPa.m3/kg.K)(22 +273 K) 


Po = =1.087 kg/m? 


Noting that the interior volume of the house is 200 x 2.8 = 560 m’, the fan 
mass flow rate of air vented out becomes 


Thair = PV = (1-087 kg/m? )(560 m?/h) = 608.7 kg/h = 0.169 kg/s 


Noting that the indoor air vented out at 22°C is replaced by infiltrating 
outdoor air at 28°C, this corresponds to energy loss at a rate of 

Oks = Maire p CT outdoors = T indoors ) 22°C 
= (0.169 kg/s)(1.0 kJ/kg.°C)(28 — 22)°C = 1.014 KJ/s = 1.014 kW 


Then the amount and cost of the electric energy “vented out” per hour becomes 


Electric energy loss = Ores At / COP = (1.014 kW)(1 h)/2.3 = 0.441 kWh 
Money loss = (Fuel energy loss)(Unit cost of energy) 
= (0.441 kWh) ($0.10 / kWh) = $0.044 


Discussion Note that the energy and money loss associated with ventilating fans can be very significant. Therefore, 
ventilating fans should be used sparingly. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


6-73 


6-152 A geothermal heat pump with R-134a as the working fluid is considered. The evaporator inlet and exit states are 
specified. The mass flow rate of the refrigerant, the heating load, the COP, and the minimum power input to the compressor 
are to be determined. 


Assumptions 1 The heat pump operates steadily. 2 The kinetic and potential energy changes are zero. 3 Steam properties 
are used for geothermal water. 


Properties The properties of R-134a and water are Qu 


(Steam and R-134a tables) 


\ / Expansion W. 
/N valve 7 


T, =12°C) h, =96.55 kJ/kg 
xı =0.15 | P, =443.3 kPa 
P, = P, = 443.3 kPa 


xXx, =l 


Compressor 


Geo water 
60°C 40°C 


las =257.27 kJ/kg 


T„ı = 60°C 
Lo [fim = 251-18 kilkg 


w, — 

Xwl = 

Ta = 40°C x=0.15 
: h,,5 =167.53 kJ/kg 


Xw2 = 


Analysis (a) The rate of heat transferred from the water is the 
energy change of the water from inlet to exit 


Q, =m, (Ay — Ayr) = (0.065 kg/s)(251.18 — 167.53) kJ/kg = 5.437 kW 
The energy increase of the refrigerant is equal to the energy decrease of the water in the evaporator. That is, 


Oy, = tity (hy — h,) — thy = E = 2-8 Y__o 0338 kgis 
hy —Iy (257.27 ~96.55) kJ/kg 


(b) The heating load is 
On =O, +W =5.437+1.6=7.04kW 
(c) The COP of the heat pump is determined from its definition, 


op Oe. TOT 
W,, 1.6kW 


in 


4.40 


(d) The COP of a reversible heat pump operating between the same temperature limits is 


E AE a a a eet at E 
1=T; iT, 1=(5+273)(60+273) 


Then, the minimum power input to the compressor for the same refrigeration load would be 


T Oy _7.04KW 


= = 0.740 kw 
mman COP 9.51 


max 
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6-153 A heat pump is used as the heat source for a water heater. The rate of heat supplied to the water and the minimum 
power supplied to the heat pump are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 


Properties The specific heat and specific volume of water at room temperature are c, = 4.18 kJ/kg.K and v=-0.001 m'/kg 
(Table A-3). 


Analysis (a) An energy balance on the water heater gives the rate of heat supplied to the water 
On =mce , (T, =f) 


V 
=—c, (7, -T,) 
Vv 


_ (0.02/60) m*/ 
0.001 m3/kg 
= 55.73 kw 


5 (4.18 kI/kg.°C)(50 -10) °C 


(b) The COP of a reversible heat pump operating between 
the specified temperature limits is 


1 1 


COP nox = = =10.1 
1-T, /Ty 1-(0+273)/(30+273) 


Then, the minimum power input would be 


i Òn  _ 55.73kW 


inmin = =5.52kW 
i COP 10.1 


max 
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6-154 A heat pump receiving heat from a lake is used to heat a house. The minimum power supplied to the heat pump and 
the mass flow rate of lake water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energy changes are zero. 
Properties The specific heat of water at room temperature is c, = 4.18 kJ/kg.K (Table A-3). 
Lake water 


inlet Lake water 
pump 


Lake water 
to HP heat 
exchanger 


Pj Qoa 


Lake, 6°C 


water 


exit 
in 


Analysis (a) The COP of a reversible heat pump operating between the specified temperature limits is 


1 1 


COP nax = = =14.29 
1-T,/Ty 1-(6+273)/(27 +273) 
Then, the minimum power input would be 
Wein = QO, _ (64,000/3600) kW _ 1.244 kW 
i COP 14.29 


max 


(b) The rate of heat absorbed from the lake is 
Òr = On -Winmin = 17.78 -1.244 =16.53 kW 
An energy balance on the heat exchanger gives the mass flow rate of lake water 


Oe 16.53 KJ/s 
marc, AT (4.18 kI/kg.°C)(5 °C) 


m 


=0.791kg/s 
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6-155 It is to be proven that a refrigerator's COP cannot exceed that of a completely reversible refrigerator that shares the 
same thermal-energy reservoirs. 


Assumptions The refrigerator operates steadily. 


Analysis We begin by assuming that the COP of the general refrigerator B is greater than that of the completely reversible 
refrigerator 4, COP; > COP,. When this is the case, a rearrangement of the coefficient of performance expression yields 


O, . % 
COP, COP, 


Ws Wa 

That is, the magnitude of the work required to drive 
refrigerator B is less than that needed to drive completely 
reversible refrigerator A. Applying the first law to both 
refrigerators yields 


Qu B <Qu,4 


since the work supplied to refrigerator B is less than that 
supplied to refrigerator A, and both have the same cooling 
effect, Qz. 


Since A is a completely reversible refrigerator, we 
can reverse it without changing the magnitude of the heat 
and work transfers. This is illustrated in the figure below. 
The heat, Q; , which is rejected by the reversed refrigerator 
A can now be routed directly to refrigerator B. The net 
effect when this is done is that no heat is exchanged with 
the T; reservoir. The magnitude of the heat supplied to the 
reversed refrigerator A, O:, 4 has been shown to be larger 
than that rejected by refrigerator B. There is then a net heat 
transfer from the Ty reservoir to the combined device in 
the dashed lines of the figure whose magnitude is given by 
QOna— Qn. Similarly, there is a net work production by 
the combined device whose magnitude is given by W,— 
Wp. 


Wa -Wg 


The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces work which is 
clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the COP; > COP; must then be 
wrong. 
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6-156 It is to be proven that the COP of all completely reversible refrigerators must be the same when the reservoir 
temperatures are the same. 


Assumptions The refrigerators operate steadily. 


Analysis We begin by assuming that COP, < COPs. When this is the case, a rearrangement of the coefficient of 
performance expression yields 


O, O% 
COP, COP, 


W, Wg 

That is, the magnitude of the work required to drive 
refrigerator A is greater than that needed to drive refrigerator B. 
Applying the first law to both refrigerators yields 


On, >Qn.p 


since the work supplied to refrigerator A is greater than that 
supplied to refrigerator B, and both have the same cooling 
effect, Qz. 


Since A is a completely reversible refrigerator, we can 
reverse it without changing the magnitude of the heat and work 
transfers. This is illustrated in the figure below. The heat, Q; , 
which is rejected by the reversed refrigerator A can now be 
routed directly to refrigerator B. The net effect when this is 
done is that no heat is exchanged with the T; reservoir. The 
magnitude of the heat supplied to the reversed refrigerator 4, Wa -Ws 
Qua has been shown to be larger than that rejected by 
refrigerator B. There is then a net heat transfer from the Ty 
reservoir to the combined device in the dashed lines of the 
figure whose magnitude is given by Q44 — Qi. Similarly, 
there is a net work production by the combined device whose 
magnitude is given by W,— Wz. 


The combined cyclic device then exchanges heat with a reservoir at a single temperature and produces work which is 
clearly a violation of the Kelvin-Planck statement of the second law. Our assumption the COP, < COP, must then be 
wrong. 


If we interchange A and B in the previous argument, we would conclude that the COP, cannot be less than COPy. 
The only alternative left is that 


COP, = COP; 
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6-157 An expression for the COP of a completely reversible heat pump in terms of the thermal-energy reservoir 
temperatures, T; and Ty is to be derived. 


Assumptions The heat pump operates steadily. 


Analysis Application of the first law to the completely reversible heat pump yields 


W vet,in =Q -0; 


This result may be used to reduce the coefficient of performance, C mr > 


Qu _ Qn __ 1 ce 
COP yp rev ee ee eee TA 
Wrain On-O, 1-O,/0n (HP) 
Wact,in 

Since this heat pump is completely reversible, the thermodynamic definition of QL 
temperature tells us that, 

Ot C 

Qu Ty 
When this is substituted into the COP expression, the result is 

1 T 
COP up rev = a 


T; ITa Toot 


6-158 A Carnot heat engine is operating between specified temperature limits. The source temperature that will double the 
efficiency is to be determined. 


Analysis Denoting the new source temperature by Ty , the thermal efficiency of the Carnot heat engine for both cases can 
be expressed as 


T, * T, 
Mac =1- a and Nac =1- r = 2mm,c 


H H 
Substituting, Te T 


1- T, = Al -2 ) Tth 21h 
Ta Ta (ee) (E) 
Solving for Ty, 
ra Bi a Sea 
Ty -2T;, 


which is the desired relation. 
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6-159 A Carnot cycle is analyzed for the case of temperature differences in the boiler and condenser. The ratio of overall 
temperatures for which the power output will be maximum, and an expression for the maximum net power output are to be 
determined. 


Analysis It is given that 


Oy = (0A) Cu -T ). Ty 


Therefore, 


. 7 JE x Pa TË 
ranor- ants- eaf) 


W : T? 
(tA) Ty Ty 
where we defined r and x asr = T, /Ty and x = 1-Ty/Ty. 


For a reversible cycle we also have i> 


es Ops = tt Se) E Ga TT) 


Ti Ò, 4 TREE] GAT aT 

but T; 
Ti = T; Ti =r(1 x). 
Ty Ty Tu 


Substituting into above relation yields 


1 (nA) 4 x 


r (hA), [r(l—x)-T,, /Ty | 


Solving for x, 


B r-T; /Ty 
atan A 
Substitute (2) into (1): 


r-T;/Ty (3) 


W =(hA)yTy (I "hd a KhA); +1] 


Taking the partial derivative £ holding everything else constant and setting it equal to zero gives 
r 


* hs 
i-a) @ 
Ta \Tn 


which is the desired relation. The maximum net power output in this case is determined by substituting (4) into (3). It 
simplifies to 


2 


tty (2 i 


Vy 
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Fundamentals of Engineering (FE) Exam Problems 


6-160 The label on a washing machine indicates that the washer will use $85 worth of hot water if the water is heated by a 
90% efficiency electric heater at an electricity rate of $0.09/kWh. If the water is heated from 18°C to 45°C, the amount of 
hot water an average family uses per year, in metric tons, is 


(a) 11.6 tons (b) 15.8 tons (c) 27.1 tons (d) 30.1 tons (e) 33.5 tons 
Answer (b) 27.1 tons 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Eff=0.90 

C=4.18 "kJ/kg-C" 

T1=18 "C" 

T2=45 "C" 

Cost=85 "$" 

Price=0.09 "$/kWh" 
Ein=(Cost/Price)*3600 "kJ" 
Ein=m*C*(T2-T1)/Eff "kJ" 


"Some Wrong Solutions with Common Mistakes:" 
Ein=W1_m*C*(T2-T1)*Eff "Multiplying by Eff instead of dividing" 
Ein=W2_m*C*(T2-T1) "Ignoring efficiency” 
Ein=W3_m*(T2-T1)/Eff "Not using specific heat" 
Ein=W4_m*C*(T2+T1)/Eff "Adding temperatures" 
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6-161 A 2.4-m high 200-m/ house is maintained at 22°C by an air-conditioning system whose COP is 3.2. It is estimated 
that the kitchen, bath, and other ventilating fans of the house discharge a houseful of conditioned air once every hour. If the 
average outdoor temperature is 32°C, the density of air is 1.20 kg/m’, and the unit cost of electricity is $0.10/kWh, the 
amount of money “vented out” by the fans in 10 hours is 


(a) $0.50 (b) $1.60 (c) $5.00 (d) $11.00 (e) $16.00 
Answer (a) $0.50 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP=3.2 

T1=22 "C" 

T2=32 "C" 

Price=0.10 "$/kWh" 
Cp=1.005 "kJ/kg-C" 
rho=1.20 "kg/m‘3" 
V=2.4*200 "m3" 
m=rho*V 
m_total=m*10 
Ein=m_total*Cp*(T2-T1)/COP "kJ" 
Cost=(Ein/3600)*Price 


"Some Wrong Solutions with Common Mistakes:" 
W1_Cost=(Price/3600)*m_total*Cp*(T2-T1)*COP “Multiplying by Eff instead of dividing" 
W2_Cost=(Price/3600)*m_total*Cp*(T2-T1) “Ignoring efficiency" 
W3_Cost=(Price/3600)*m*Cp*(T2-T1)/COP "Using m instead of m_total" 
W4_Cost=(Price/3600)*m_total*Cp*(T2+T1)/COP "Adding temperatures" 


6-162 The drinking water needs of an office are met by cooling tab water in a refrigerated water fountain from 23°C to 6°C 
at an average rate of 10 kg/h. If the COP of this refrigerator is 3.1, the required power input to this refrigerator is 


(a) 197 W (b) 612 W (c) 64W (d) 109 W (e) 403 W 
Answer (c) 64 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP=3.1 
Cp=4.18 "kJ/kg-C" 

T1=23 "0" 

T2=6 "C" 

m_dot=10/3600 "kg/s" 
Q_L=m_dot*Cp*(T1-T2) "kw" 
W_in=Q_L*1000/COP "W" 


"Some Wrong Solutions with Common Mistakes:" 

W1_Win=m_dot*Cp*(T1-T2) *1000*COP "Multiplying by COP instead of dividing" 
W2_Win=m_dot*Cp*(T1-T2) *1000 "Not using COP" 

W3_Win=m_dot*(T1-T2) *1000/COP "Not using specific heat" 
W4_Win=m_dot*Cp*(T1+T2) *1000/COP “Adding temperatures" 
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6-163 A heat pump is absorbing heat from the cold outdoors at 5°C and supplying heat to a house at 25°C at a rate of 
18,000 kJ/h. If the power consumed by the heat pump is 1.9 kW, the coefficient of performance of the heat pump is 


(a) 1.3 (b) 2.6 (c) 3.0 (d) 3.8 (e) 13.9 
Answer (b) 2.6 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=5 "C" 
TH=25 "C" 
QH=18000/3600 "kJ/s" 
Win=1.9 "kW" 
COP=QH/Win 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP=Win/QH "Doing it backwards" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=(TH+273)/(TH-TL) "Using temperatures in K" 
W4_COP=(TL+273)/(TH-TL) "Finding COP of refrigerator using temperatures in K" 


6-164 A heat engine cycle is executed with steam in the saturation dome. The pressure of steam is 1 MPa during heat 
addition, and 0.4 MPa during heat rejection. The highest possible efficiency of this heat engine is 


(a) 8.0% (b) 15.6% (c) 20.2% (d) 79.8% (e) 100% 
Answer (a) 8.0% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1000 "kPa" 

PL=400 "kPa" 
TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) 
TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) 
Eta_Carnot=1-(TL+273)/(TH+273) 


"Some Wrong Solutions with Common Mistakes:" 
W1_Eta_Carnot=1-PL/PH "Using pressures" 
W2_Eta_Carnot=1-TL/TH "Using temperatures in C" 
W3_Eta_Carnot=TL/TH "Using temperatures ratio" 
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6-165 A heat engine receives heat from a source at 1000°C and rejects the waste heat to a sink at 50°C. If heat is supplied 
to this engine at a rate of 100 kJ/s, the maximum power this heat engine can produce is 


(a) 25.4 kW (b) 55.4 kW (c) 74.6 kW (d) 95.0 kW (e) 100.0 kW 
Answer (c) 74.6 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=1000 "C" 

TL=50 "C" 

Q_in=100 "kW" 
Eta=1-(TL+273)/(TH+273) 
W_out=Eta*Q _in 


"Some Wrong Solutions with Common Mistakes:" 
W1_W_out=(1-TL/TH)*Q_in "Using temperatures in C" 

W2_W_out=Q _in "Setting work equal to heat input" 
W3_W_out=Q_in/Eta "Dividing by efficiency instead of multiplying" 
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 


6-166 A heat pump cycle is executed with R-134a under the saturation dome between the pressure limits of 1.4 MPa and 
0.16 MPa. The maximum coefficient of performance of this heat pump is 


(a) 1.1 (b) 3.8 (c) 4.8 (d) 5.3 (e) 2.9 
Answer (c) 4.8 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1400 "kPa" 
PL=160 "kPa" 
TH=TEMPERATURE(R134a,x=0,P=PH) "C" 
TL=TEMPERATURE(R134a,x=0,P=PL) "C" 
COP_HP=(TH+273)/(TH-TL) 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP=PH/(PH-PL) "Using pressures" 

W2_COP=TH/(TH-TL) "Using temperatures in C" 

W3_COP=TLI(TH-TL) "Refrigeration COP using temperatures in C" 
W4_COP=(TL+273)/(TH-TL) "Refrigeration COP using temperatures in K" 
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6-167 A refrigeration cycle is executed with R-134a under the saturation dome between the pressure limits of 1.6 MPa and 
0.2 MPa. If the power consumption of the refrigerator is 3 kW, the maximum rate of heat removal from the cooled space of 
this refrigerator is 


(a) 0.45 kJ/s (b) 0.78 kJ/s (c) 3.0 kJ/s (d) 11.6 kJ/s (e) 14.6 kJ/s 
Answer (d) 11.6 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=1600 "kPa" 

PL=200 "kPa" 

W_in=3 "kW" 
TH=TEMPERATURE(R134a,x=0,P=PH) "C" 
TL=TEMPERATURE(R134a,x=0,P=PL) "C" 
COP=(TL+273)/(TH-TL) 

QL=W_in*COP "kw" 


"Some Wrong Solutions with Common Mistakes:" 
W1_QL=W_in*TL/(TH-TL) | “Using temperatures in C" 

W2_QL=W_in "Setting heat removal equal to power input" 
W3_QL=W_in/COP "Dividing by COP instead of multiplying" 
W4_QL=W_in*(TH+273)/(TH-TL) “Using COP definition for Heat pump" 


6-168 A heat pump with a COP of 3.2 is used to heat a perfectly sealed house (no air leaks). The entire mass within the 
house (air, furniture, etc.) is equivalent to 1200 kg of air. When running, the heat pump consumes electric power at a rate of 
5 kW. The temperature of the house was 7°C when the heat pump was turned on. If heat transfer through the envelope of 
the house (walls, roof, etc.) is negligible, the length of time the heat pump must run to raise the temperature of the entire 
contents of the house to 22°C is 


(a) 13.5 min (b) 43.1 min (c) 138 min (d) 18.8 min (e) 808 min 


Answer (a) 13.5 min 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP=3.2 
Cv=0.718 "kJ/kg.C" 
m=1200 "kg" 

Ti=7 "0" 

T2=22 "C" 
QH=m*Cv*(T2-T1) 
Win=5 "kW" 
Win*time=QH/COP/60 


"Some Wrong Solutions with Common Mistakes:" 

Win*W1_time*60=m*Cv*(T2-T1) *COP "Multiplying by COP instead of dividing" 
Win*W2_time*60=m*Cv*(T2-T1) "Ignoring COP" 
Win*W3_time=m*Cv*(T2-T1) /COP "Finding time in seconds instead of minutes" 
Win*W4_time*60=m*Cp*(T2-T1) /COP “Using Cp instead of Cv" 

Cp=1.005 "kJ/kg.K" 
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6-169 A heat engine cycle is executed with steam in the saturation dome between the pressure limits of 7 MPa and 2 MPa. 
If heat is supplied to the heat engine at a rate of 150 kJ/s, the maximum power output of this heat engine is 


(a) 8.1 kW (b) 19.7 kW (c) 38.6 kW (d) 107 kW (e) 130 kW 
Answer (b) 19.7 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


PH=7000 "kPa" 

PL=2000 "kPa" 

Q_in=150 "kW" 
TH=TEMPERATURE(Steam_IAPWS,x=0,P=PH) "C" 
TL=TEMPERATURE(Steam_IAPWS,x=0,P=PL) "C" 
Eta=1-(TL+273)/(TH+273) 

W_out=Eta*Q _in 


"Some Wrong Solutions with Common Mistakes:" 
W1_W_out=(1-TL/TH)*Q_in "Using temperatures in C" 
W2_W_out=(1-PL/PH)*Q_ in "Using pressures" 

W3_W_out=Q_ in/Eta "Dividing by efficiency instead of multiplying" 
W4_W_out=(TL+273)/(TH+273)*Q_in "Using temperature ratio" 


6-170 An air-conditioning system operating on the reversed Carnot cycle is required to remove heat from the house at 
arate of 32 kJ/s to maintain its temperature constant at 20°C. If the temperature of the outdoors is 35°C, the power 
required to operate this air-conditioning system is 


(a) 0.58 kW (b) 3.20 kW (c) 1.56 kW (d) 2.26 kW (e) 1.64 kW 
Answer (e) 1.64 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=20 "C" 
TH=35 "C" 

QL=32 "kJ/s" 
COP=(TL+273)/(TH-TL) 
COP=QL/Win 


"Some Wrong Solutions with Common Mistakes:" 
QL=W1_Win*TL/(TH-TL) "Using temperatures in C" 
QL=W2_Win "Setting work equal to heat input" 
QL=W3_Win/COP "Dividing by COP instead of multiplying" 
QL=W4_Win*(TH+273)/(TH-TL) "Using COP of HP" 
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6-171 A refrigerator is removing heat from a cold medium at 3°C at a rate of 7200 kJ/h and rejecting the waste heat to a 
medium at 30°C. If the coefficient of performance of the refrigerator is 2, the power consumed by the refrigerator is 


(a) 0.1 kW (b) 0.5 kW (c) 1.0 kW (d) 2.0 kW (e) 5.0 kW 
Answer (c) 1.0 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=3 "C" 

TH=30 "C" 
QL=7200/3600 "kJ/s" 
COP=2 
QL=Win*COP 


"Some Wrong Solutions with Common Mistakes:" 
QL=W1_Win*(TL+273)/(TH-TL) "Using Carnot COP" 


QL=W2_Win "Setting work equal to heat input" 
QL=W3_Win/COP "Dividing by COP instead of multiplying" 
QL=W4_Win*TL/(TH-TL) "Using Carnot COP using C" 


6-172 Two Carnot heat engines are operating in series such that the heat sink of the first engine serves as the heat source of 
the second one. If the source temperature of the first engine is 1300 K and the sink temperature of the second engine is 300 
K and the thermal efficiencies of both engines are the same, the temperature of the intermediate reservoir is 


(a) 625 K (b) 800K (c) 860 K (d) 453 K (e) 758 K 
Answer (a) 625 K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=1300 "K" 

TL=300 "K" 

"Setting thermal efficiencies equal to each other:" 
1-Tmid/TH=1-TL/Tmid 


"Some Wrong Solutions with Common Mistakes:" 
W1_Tmid=(TL+TH)/2 "Using average temperature" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


6-87 


6-173 Consider a Carnot refrigerator and a Carnot heat pump operating between the same two thermal energy reservoirs. If 
the COP of the refrigerator is 3.4, the COP of the heat pump is 


(a) 1.7 (b) 2.4 (c) 3.4 (d) 4.4 (e) 5.0 
Answer (d) 4.4 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


COP_R=3.4 
COP_HP=COP_R+1 


"Some Wrong Solutions with Common Mistakes:" 
W1_COP=COP_R-1 "Subtracting 1 instead of adding 1" 
W2_COP=COP_R "Setting COPs equal to each other" 


6-174 A typical new household refrigerator consumes about 680 kWh of electricity per year, and has a coefficient of 
performance of 1.4. The amount of heat removed by this refrigerator from the refrigerated space per year is 


(a) 952 MJ/yr (b) 1749 Mi/yr (c) 2448 MJ/yr (d) 3427 MJ/yr (e) 4048 MJ/yr 
Answer (d) 3427 Mi/yr 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W_in=680*3.6 "MJ" 
COP_R=1.4 
QL=W_in*COP_R "MJ" 


"Some Wrong Solutions with Common Mistakes:" 
W1_QL=W_in*COP_R/3.6 "Not using the conversion factor" 
W2_QL=W_in "Ignoring COP" 

W3_QL=W_in/COP_R "Dividing by COP instead of multiplying" 
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6-175 A window air conditioner that consumes 1 kW of electricity when running and has a coefficient of performance of 3 
is placed in the middle of a room, and is plugged in. The rate of cooling or heating this air conditioner will provide to the 
air in the room when running is 


(a) 3 kJ/s, cooling (b) 1 kJ/s, cooling (c) 0.33 kJ/s, heating (d) 1 kJ/s, heating (e) 3 kJ/s, heating 
Answer (d) 1 kJ/s, heating 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


W_in=1 "kW" 

COP=3 

"From energy balance, heat supplied to the room is equal to electricity consumed," 
E_supplied=W_in "kJ/s, heating" 


"Some Wrong Solutions with Common Mistakes:" 
W1_E=-W_in "kJ/s, cooling" 

W2_E=-COP*W_in "kJ/s, cooling" 
W3_E=W_in/COP "kJ/s, heating" 
W4_E=COP*W_in "kJ/s, heating" 


6-176 --- 6-182 Design and Essay Problems 
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Solutions Manual for 


Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 7 
ENTROPY 


PROPRIETARY AND CONFIDENTIAL 
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protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
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authorized professors and instructors for use in preparing for the classes using the affiliated 
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and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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Entropy and the Increase of Entropy Principle 


7-1C No. A system may produce more (or less) work than it receives during a cycle. A steam power plant, for example, 
produces more work than it receives during a cycle, the difference being the net work output. 


7-2C The entropy change will be the same for both cases since entropy is a property and it has a fixed value at a fixed 
State. 


7-3C No. In general, that integral will have a different value for different processes. However, it will have the same value 
for all reversible processes. 


7-4C That integral should be performed along a reversible path to determine the entropy change. 


7-5C No. An isothermal process can be irreversible. Example: A system that involves paddle-wheel work while losing an 
equivalent amount of heat. 


7-6C The value of this integral is always larger for reversible processes. 


7-7C No. Because the entropy of the surrounding air increases even more during that process, making the total entropy 
change positive. 


7-8C It is possible to create entropy, but it is not possible to destroy it. 


7-9C If the system undergoes a reversible process, the entropy of the system cannot change without a heat transfer. 
Otherwise, the entropy must increase since there are no offsetting entropy changes associated with reservoirs exchanging 
heat with the system. 


7-10C The claim that work will not change the entropy of a fluid passing through an adiabatic steady-flow system with a 
single inlet and outlet is true only if the process is also reversible. Since no real process is reversible, there will be an 
entropy increase in the fluid during the adiabatic process in devices such as pumps, compressors, and turbines. 


7-11C Sometimes. 
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7-12C Never. 


7-13C Always. 


7-14C Increase. 


7-15C Increases. 


7-16C Decreases. 


7-17C Sometimes. 


7-18C Greater than. 


7-19C Yes. This will happen when the system is losing heat, and the decrease in entropy as a result of this heat loss is 
equal to the increase in entropy as a result of irreversibilities. 


7-20C They are heat transfer, irreversibilities, and entropy transport with mass. 
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7-21E The source and sink temperatures and the entropy change of the sink for a completely reversible heat engine are 
given. The entropy decrease of the source and the amount of heat transfer from the source are to be determined. 


Assumptions The heat engine operates steadily. 
Analysis According to the increase in entropy principle, the entropy change of the source Gin D 
must be equal and opposite to that of the sink. Hence, Qu 
AS, =—-AS, = -10 Btu/R (HE) 
Q Wnet 
L 


Applying the definition of the entropy to the source gives 
Qy =TyASy = (1500 R)(—10 Btu/R) = —15,000 Btu Cn) 


which is the heat transfer with respect to the source, not the device. 


7-22 The source and sink temperatures and the entropy change of the sink for a completely reversible heat engine are 
given. The amount of heat transfer from the source are to be determined. 


Assumptions The heat engine operates steadily. 
Analysis According to the increase in entropy principle, the entropy change of the source G> 
must be equal and opposite to that of the sink. Hence, Qu 

AS y =—AS; =-20kJ/K (HE) 


Applying the definition of the entropy to the source gives 
Qu =TyASy = (1000 K)(-20kJ/K) = -20,000 kJ CE» 


which is the heat transfer with respect to the source, not the device. 


7-23E The operating conditions of a heat engine are given. The entropy change of all components and the work input are 
to be calculated and it is to be determined if this heat engine is reversible. 


Assumptions The heat engine operates steadily. C 150R D 


Analysis The entropy change of all the components is Qu 


AS total 7 AS y + AS; +AS device 
Wane 


where the last term is zero each time the engine completes a cycle. Applying 
the definition of the entropy to the two reservoirs reduces this to E 
Qu Qr -200,000 Btu 100,000 Btu 


AS total =— +t = + = 33.3 Btu/R 600 R 
Te T 1500R 600R 


Since the entropy of everything involved with this engine has increased, the engine is not reversible, but possible. Applying 
the first law to this engine, 


Woet = Qu —Q, = 200,000 Btu — 100,000 Btu = 100,000 Btu 
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7-5 
7-24 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat rejection to the 
surroundings. The rate of entropy change of air is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas. 4 The process involves no internal irreversibilities such as friction, and thus it is an 
isothermal, internally reversible process. 

Properties Noting that h = h(T) for ideal gases, we have h; = h) since T; = T, = 25°C. 


Analysis We take the compressor as the system. Noting that the enthalpy of air remains constant, the energy balance for 
this steady-flow system can be expressed in the rate form as 


70 (steady) 


Ein 5 E out = AE system =0 P> 
SSS 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies : 
Ein = Eout 
Win = Qout [3 30kW 

Therefore, 
Qout =Win =30kW | 


Noting that the process is assumed to be an isothermal and internally 
reversible process, the rate of entropy change of air is determined to be 


Q out,air or 30 kW 


Toys 298 K 


AS = —0.101kW/K 


7-25 Heat is transferred directly from an energy-source reservoir to an energy-sink. The entropy change of the two 
reservoirs is to be calculated and it is to be determined if the increase of entropy principle is satisfied. 


Assumptions The reservoirs operate steadily. 
Analysis The entropy change of the source and sink is given by C nok D> 


Qu „Qı _ 100K 100KI 


AS = 0.0833 kJ/K 
Ty T, 1200K 600K 100K 
Since the entropy of everything involved in this process has 
increased, this transfer of heat is possible. 
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7-26 It is assumed that heat is transferred from a cold reservoir to the hot reservoir contrary to the Clausius statement of the 
second law. It is to be proven that this violates the increase in entropy principle. 


Assumptions The reservoirs operate steadily. 


Analysis According to the definition of the entropy, the entropy change of the 
high-temperature reservoir shown below is 


AS y 20 1 = 0.08333 kJ/K Cu») 
T, 1200K 
and the entropy change of the low-temperature reservoir is ee 
AS, = 2 Ss pie 
T, 600K 


The total entropy change of everything involved with this system is then 
AS otal = AS y + AS; = 0.08333 — 0.1667 = —0.0833 kJ/K 


which violates the increase in entropy principle since the total entropy change is negative. 


7-27 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of two reservoirs is to 
be calculated and it is to be determined if this heat pump satisfies the increase in entropy principle. 


Assumptions The heat pump operates steadily. 


Analysis Since the heat pump is completely reversible, the combination of the coefficient of 
performance expression, first Law, and thermodynamic temperature scale gives 


i 1 300 kW 
COP eae = = oe TAT W 
í 1-T,/Ty, 1-(280K)/(297K) net 
The power required to drive this heat pump, according to the coefficient of Q; 
performance, is then Cre D 
W, Or. OEY _igigew 


me COP ape. 1 TAT 
According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is 

Q; = Quy -Werin = 300 kW -17.17 kW = 282.8 kW 
The rate at which the entropy of the high temperature reservoir changes, according to the definition of the entropy, is 


Qu _ 300kW 
Ty 297K 


ASy = =1.01kWIK 


and that of the low-temperature reservoir is 


Q, _-17.17kW _ 
T, 280K 


AS, = 1.01kW/K 


The net rate of entropy change of everything in this system is 


AS iota, = AS y + AS, =1.01-1.01=0kWIK 


as it must be since the heat pump is completely reversible. 
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7-28E Heat is transferred isothermally from the working fluid of a Carnot engine to a heat sink. The entropy change of the 
working fluid is given. The amount of heat transfer, the entropy change of the sink, and the total entropy change during the 
process are to be determined. 


Analysis (a) This is a reversible isothermal process, and the entropy change 
during such a process is given by 


Heat 


AS = = 
T 
Noting that heat transferred from the working fluid is equal to the heat Carnot heat engine 


transferred to the sink, the heat transfer become 


Qnuia = ThuiaAS quia = (555 RX-0.7 Btu/R) = -388.5 Btu > Qpuig out = 388.5 Btu 


(b) The entropy change of the sink is determined from 


Qsinkin _ 388.5 Btu _ 0.7 Btu/R 
Tink 555 R 


AS 


sink 


(c) Thus the total entropy change of the process is 
Sgen = AS total = AS fuid T AS;ink = —0.7 = 0.7 = 0 


This is expected since all processes of the Carnot cycle are reversible processes, and no entropy is generated during a 
reversible process. 


7-29 R-134a enters an evaporator as a saturated liquid-vapor at a specified pressure. Heat is transferred to the refrigerant 
from the cooled space, and the liquid is vaporized. The entropy change of the refrigerant, the entropy change of the cooled 
space, and the total entropy change for this process are to be determined. 


Assumptions 1 Both the refrigerant and the cooled space involve no internal irreversibilities such as friction. 2 Any 
temperature change occurs within the wall of the tube, and thus both the refrigerant and the cooled space remain isothermal 
during this process. Thus it is an isothermal, internally reversible process. 


Analysis Noting that both the refrigerant and the cooled space undergo reversible isothermal processes, the entropy change 
for them can be determined from 


AS == 
T 


(a) The pressure of the refrigerant is maintained constant. Therefore, the temperature of the refrigerant also remains 
constant at the saturation value, 


T =Ty@isokpa = —15.6°C = 257.4K (Table A-12) 


Quefriverantin 180 kJ Blas 
Then, Asse = oe L = 0.699 kJIK 160 kPa 
T etrigerani 257.4 K 180 KJ 
(b) Similarly, 
T Cons 
AS space = a ‘= a = —0.672 kJIK 


space 
(c) The total entropy change of the process is 
Sgen = AS totat = AS refrigerant + AS = 0.699 — 0.672 = 0.027 kJ/K 


space 
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Entropy Changes of Pure Substances 


7-30C Yes, because an internally reversible, adiabatic process involves no irreversibilities or heat transfer. 


7-31E A piston-cylinder device that is filled with water is heated. The total entropy change is to be determined. 


Analysis The initial specific volume is 


V, 3 
yee Soh ion 
m  2lbm 


which is between y and y, for 300 psia. The initial quality and the entropy are then 
(Table A-5E) 


Ase (1.25—0.01890) ft? Ibm 


—— = 0.8075 
Vig (1.5435 — 0.01890) ft? /Ibm 


x, = 


Sı =Sf +X)S fq = 0.58818 Btu/lbm- R + (0.8075)(0.92289 Btu/Ibm- R) = 1.3334 Btu/lbm-R 


The final state is superheated vapor and P 
T, =500°F 


: Sy =1.5706 Btu/Ibm-R (Table A - 6E) 
P, = P, =300 psia 


Hence, the change in the total entropy is 
AS =m(Ss, -S4 ) 
= (2 lbm)(1.5706 — 1.3334) Btu/Ibm-R 
= 0.4744 Btu/R 


7-32 An insulated rigid tank contains a saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid vaporized. The entropy change of the water during this process is to be 
determined. 


Analysis From the steam tables (Tables A-4 through A-6) 


P, =150 kPa | v; =v; + XV y = 0.001053 + (0.25)(1.1594 — 0.001053) = 0.29065 m*/kg a 
x, = 0.25 S} =S f +X) gq =1.4337 + (0.25 5.7894) = 2.8810 kJ/kg -K 150 an 
Vv, =v 

S» = 6.7298 kJ/kg -K 
sat. vapor 


Then the entropy change of the steam becomes 


AS = ms, — sı )= (5 kg)(6.7298 — 2.8810) kJ/kg - K =19.2 kJ/K 
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7-33 D A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid water while 
the other side is evacuated. The partition is removed and water expands into the entire tank. The entropy change of the 
water during this process is to be determined. 


Analysis The properties of the water are (Table A-4) 


P, =400 kPa | v; = ¥ p@ooec = 0.001017m*/kg 
T,=60°C Ís; =Sp@eorc = 0.8313 kJ/kg -K 


Noting that 


v, =2u, =(2\(0.001017)= 0.002034 m*/kg 


P, = 40 kPa 
v, = 0.002034 m3/kg 


xX = = 0.0002524 
Vig 3.993 — 0.001026 


S2 =Sp +XpS ~ =1.0261 + (0.0002524 (6.6430) = 1.0278 kJ/kg - K 


| V2 =Vf _ 0.002034 — 0.001026 


Then the entropy change of the water becomes 


AS = m(s, —s,)= (2.5 kg (1.0278 — 0.8313)kJ/kg - K = 0.492 kJIK 
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EES 
7-34 Problem 7-33 is reconsidered. The entropy generated is to be evaluated and plotted as a function of 
surroundings temperature, and the values of the surroundings temperatures that are valid for this problem are to be 
determined. The surrounding temperature is to vary from 0°C to 100°C. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data" 
P[1]=400 [kPa] 
T[1]=60 [C] 
m=2.5 [kg] 
P[2]=40 [kPa] 


Fluid$='Steam_IAPWS' 

V[1]=m*spv[1] 

spv[1]=volume(Fluid$,T=T[1], P=P[1]) “specific volume of steam at state 1, m^3/kg" 
s[1]=entropy(Fluid$,T=T[1],P=P[1]) “entropy of steam at state 1, kJ/kgK" 

V[2]=2*V[1] "Steam expands to fill entire volume at state 2" 

"State 2 is identified by P[2] and spv[2]" 

spv[2]=V[2]/m "specific volume of steam at state 2, m“3/kg" 
s[2]=entropy(Fluid$,P=P[2],v=spv[2]) "entropy of steam at state 2, kJ/kgk" 
T[2]=temperature(Fluid$,P=P[2],v=spv[2]) 

DELTAS _sys=m*(s[2]-s[1]) "Total entopy change of steam, kJ/K" 

"What does the first law tell us about this problem?" 

E_in-€E_ out = DELTAE_sys "Conservation of Energy for the entire, closed system" 
"neglecting changes in KE and PE for the system:" 

DELTAE_sys=m*(intenergy(Fluid$, P=P[2], v=spv[2]) - intenergy(Fluid$, T=T[1],P=P[1])) 
E_in=0 

"How do you interpert the energy leaving the system, E_out? Recall this is a constant volume system." 
Q_out=E_out 

"What is the maximum value of the Surroundings temperature?" 

"The maximum possible value for the surroundings temperature occurs when we set S_gen = 0=Delta 
S_sys+sum(DeltaS_surr)" 

Q_net_surr=Q_out 

S_gen=0 

S_gen=DELTAS_sys+Q_net_surr/(Tsurr+273) 


"Establish a parametric table for the variables S_gen, Q_net_surr, T_surr, and DELTAS sys. In the Parametric 
Table window select T_surr and insert a range of values. Then place '{' and '¥ about the S_gen = 0 line; press 
F3 to solve the table. The results are shown in Plot Window 1. What values of T_surr are valid for this 

problem?" 


0.08 
Tsurt Sgen 
[C] [kJ/K] 0.04 a 
0 -0.1222 l 
10 -0.1005 _ rh 
20 -0.08033 = 4 l 
30 -0.06145 Z, 0.04 
40 -0.04378 i 
50 -0.0272 e | 
60 -0.01162 on ra 
70 0.003049 
80 0.01689 -0.12 
90 0.02997 i 
100 0.04235 META O r a a 

0 20 40 60 80 100 


Tsurr [C] 
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7-35E A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 
pressure. The entropy change of refrigerant during this process is to be determined 


Analysis From the refrigerant tables (Tables A-11E through A-13E), 


P, =120 psi 
15 A PSA ls = 0.22361 Btu/lbm-R 
T, =100°F 
R-134 
T, =50°F 34a 
. (82 =S op = 0.06039 Btu/lbm -R 120 psia 
P, =120 psia fons 100°F Q 


Then the entropy change of the refrigerant becomes 


AS = m(s, —s,)=(2 Ibm \(0.06039 — 0.22361)Btu/Ibm - R =—0.3264 Btw/R 


7-36 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 
electrically at constant pressure. The entropy change of the water during this process is to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 
process is quasi-equilibrium. 


Analysis From the steam tables (Tables A-4 through A-6), 


Vi =V f@150 kPa = 0.001053 m*/kg 


P, =150 kPa H20 
sat. R 4 
q S1 = S f@1so kpa = 1-4337 KJ/kg -K 2200 kJ Sat. liquid 
3 
a T fav ee Obs 


vi 0.001053 m2/kg 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


E in E out = AE. 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein n Wy out = AU 
Wain = m(h, za h,) 


since AU + W, = AH during a constant pressure quasi-equilibrium process. Solving for hz, 


W, in 22 
h, = h +—*™ = 467.13 + 00 KI 293033 kJ/kg 
m 4.75 kg 
Thus, 
h, -h = 
P, =150kPa x = - fe —S— = 0.2081 
h, = 930.33 kJ/kg fa i 


Sy =S +X3S g =1.4337 + (0.2081\5.7894) = 2.6384 kJ/kg -K 


Then the entropy change of the water becomes 


AS = m(s, — sı )= (4.75 kg )(2.6384 -1.4337 )kJ/kg -K = 5.72 kJ/K 
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7-11 


7-12 


7-37 Entropy change of water as it is cooled at constant pressure is to be determined using Gibbs equation and to be 
compared to steam tables. 


Analysis The Gibbs equation is 
Tds = dh — dP 


As water is converted from a saturated liquid to a saturated vapor, both 
the pressure and temperature remain constant. Then, the Gibbs equation 
reduces to 

dh 


ds = — 
T 


When the result is integrated between the saturated liquid and saturated vapor states, the result is 


h, -hş E hg —hy I h g @300kPa _ 2163.5 kJ/kg =5.322 kJlkg -K 
T T Tyat@300kPa (133.52 + 273)K 


S S= 


Where enthalpy and temperature data are obtained from Table A-5. The entropy change from the steam tables is 
S fg @300kPa = 9-320 kJ/kg -K (Table A - 5) 


The result is practically the same. 


7-38E R-134a is compressed in a compressor during which the entropy remains constant. The final temperature and 
enthalpy change are to be determined. 


Analysis The initial state is saturated vapor and the properties are (Table A-11E) 
hy = hg @or = 103.08 Btu/Ibm 


S1 = Sy q@orr = 0.22539 Btu/lbm -R T 

The final state is superheated vapor and the properties are (Table A-13E) E 
P, = 60 psia T, =59.3°F 
Sy = Sı = 0.22539 Btu/lbm-R | h, =112.23 Btu/lbm l 


The change in the enthalpy across the compressor is then 


Ah =h, —h, =112.23-103.08 = 9.15 Btullbm 
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7-39 Water vapor is expanded in a turbine during which the entropy remains constant. The enthalpy difference is to be 
determined. 


Analysis The initial state is superheated vapor and thus 


P, =6MPa | h, =3178.3 kJ/kg 
| (Table A - 6) 1 


T, =400°C Í s, =6.5432 kJ/kg- K 


The entropy is constant during the process. The final state is a mixture since the entropy 
is between spand sg for 100 kPa. The properties at this state are (Table A-5) 


S) =S = : S 
TAA (6.5432 — 1.3028) kJ/kg -K -0.8653 
S fg 6.0562 kJ/kg-K 

hy =hy +xzh g = 417.51 + (0.8653)(2257.5) = 2370.9 kJ/kg 


X, = 


The change in the enthalpy across the turbine is then 
Ah = h, —h, = 2370.9 -3178.3 = -807.4 kJ/kg 


7-40 R-134a undergoes a process during which the entropy is kept constant. The final temperature and internal energy are 
to be determined. 


Analysis The initial entropy is T 

T, =25°C 

sı = 0.9341 kJ/kg-K (Table A -13) 1 

P, = 600 kPa 
The entropy is constant during the process. The final state is a mixture since the entropy 
is between spand s, for 100 kPa. The properties at this state are (Table A-12) 2 

T, = Tat @100 kPa 7 —26.37°C s 

S275 .9341 — 0.07188) kJ/kg -K 
mae 2~Sf _ (0.93 0.07188) kJ/kg -0.9799 
Sy 0.87995 kJ/kg :K 


U, =U f +X3U y =17.21+ (0.9799)(197.98) = 211.2 kJ/kg 
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7-41 Refrigerant-134a is is expanded in a turbine during which the entropy remains constant. The inlet and outlet velocities 
are to be determined. 


Analysis The initial state is superheated vapor and thus 


T 
P, = 800 kP = : 
1 a | v, =0.02997 m°/kg (Table A -13) 1 
T, = 60°C sı =1.0110 kJ/kg -K 
The entropy is constant during the process. The properties at the exit state are 2 
P, =100 kPa 3 
Vv, = 0.2098 m°/kg (Table A -13) s 
S> =s; =1.0110 kJ/kg: K 


The inlet and outlet veloicites are 


mv, _ (0.5kg/s)(0.02997 m*/kg) 


A 5 = 0.030 m/s 
1 0.5m 


V = 


mv, _ (0.5kg/s)(0.2098 m*/kg) 
A, 1.0m? 


V, = = 0.105 m/s 


7-42 An insulated cylinder is initially filled with superheated steam at a specified state. The steam is compressed in a 
reversible manner until the pressure drops to a specified value. The work input during this process is to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible. 


Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus s2 = sı. From the steam tables (Tables A-4 through 
A-6), 


v = 0.71643 m*/kg 


P, =300kPa 
u; = 2651.0 kJ/kg 
T, = 200°C 
Ss, =7.3132 kJ/kg: K 
P, =1.2 MPa 
u, = 2921.6 kJ/kg 
Sy =S} HO 
Also, 300 kPa 
200°C 
V 0.02 m? 


= = 0.02792 kg 
v, 0.71643 m3/kg 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this adiabatic closed system can be expressed as 


Ein x Eut = AE system 
uU_—“’ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win = AU = m(u, =u) 
Substituting, the work input during this adiabatic process is determined to be 


Win = m(uy — u; )= (0.02792 kg)(2921.6 — 2651.0) kJ/kg =7.55 kJ 
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EES 
7-43 Problem 7-42 is reconsidered. The work done on the steam is to be determined and plotted as a function of 
final pressure as the pressure varies from 300 kPa to 1.2 MPa. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 
P_1 = 300 [kPa] 
T_1 = 200 [C] 


V_sys = 0.02 [m*3] 
"P_2 = 1200 [kPa]" 


"Analysis: " 
Fluid$='Steam_IAPWS' 


" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect 

changes in KE and PE of the Steam. The process is reversible and adiabatic thus isentropic." 
"The isentropic work is determined from:" 

E_in-E_out=DELTAE_sys 

E_out = 0 [kJ] 

E_in = Work_in 

DELTAE_sys = m_sys*(u_2 - u_1) 

u_1 = INTENERGY(Fluid$,P=P_1,T=T_1) 

v_1 = volume(Fluid$,P=P_1,T=T_1) 
s_1=entropy(Fluid$,P=P_1,T=T_1) 
V_sys = m_sys*v_1 


"The process is reversible and adiabatic or isentropic. 
s2=s 1 

u_2 = INTENERGY(Fluid$,P=P_2,s=s_2) 

T_2_isen = temperature(Fluid$,P=P_2,s=s_2) 


P2 Workin 
[kPa] [kJ] 
300 (0) 
400 1.366 
500 2.494 
600 3.462 > 
700 4.314 x, 
800 5.078 c 
900 5.773 x 
1000 6.411 © 

= 
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7-44 A cylinder is initially filled with saturated water vapor at a specified temperature. Heat is transferred to the steam, and 
it expands in a reversible and isothermal manner until the pressure drops to a specified value. The heat transfer and the 
work output for this process are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible 
and isothermal. 


Analysis From the steam tables (Tables A-4 through A-6), 
T, = a u = U g@200°C =2594.2 kJ/kg 


sat.vapor | Sı = Sg@20°c = 6-4302 kJ/kg -K HO 

P, =800 kPa | u, =2631.1 kJ/kg eee 
sat. vapor 

T, =T, S, =6.8177 kJ/kg -K T = const 


The heat transfer for this reversible isothermal process can be determined from 


Q=TAS =Tm(s, - sı )= (473 K)(1.2 kg)(6.8177 — 6.4302)kJ/kg : K = 219.9 kJ 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 


E in E out = AE. system 
YS 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin Wo out =AU = m(u, uy) 
Wo out = Qin z m(u, E u) 
Substituting, the work done during this process is determined to be 


Wp out = 219.9 KJ — (1.2 kg)(2631.1 — 2594.2) kJ/kg = 175.6 kJ 
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> 
7-45 Problem 7-44 is reconsidered. The heat transferred to the steam and the work done are to be determined and 
plotted as a function of final pressure as the pressure varies from the initial value to the final value of 800 kPa. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 
T_1 = 200 [C] 
x_1=1.0 


m_sys = 1.2 [kg] 
{P_2 = 800"[kPa]"} 


"Analysis: " 
Fluid$='Steam_IAPWS' 


" Treat the piston-cylinder as a closed system, neglect changes in KE and PE of the Steam. The process is 
reversible and isothermal ." 


T_2=T1 

E_in-E_out=DELTAE sys =H i ' ! ' ! ' 

E in=Q in 

E_out = Work_out 160- J 

DELTAE_sys = m_sys*(u_2 - u_1) 5 L | 

P_1 = pressure(Fluid$,T=T_1,x=1.0) X, 120l J 

u_1 = INTENERGY(Fluid$,T=T_1,x=1.0) = 

v_1 = volume(Fluid$, T=T_1,x=1.0) Ry 

s_1 = entropy(Fluid$,T=T_1,x=1.0) 5 80- 7 

V_sys = m_sys*v_1 = E | 
40- 4 


" The process is reversible and isothermal. 
Then P_2 and T_2 specify state 2." 
u_2 = INTENERGY(Fluid$,P=P_2,T=T_2) 


s_2 = entropy(Fluid$,P=P_2,T=T_2) = oe ees eee 
Q_in= (T_1+273)*m_sys*(s_2-s_1) P2 [kPa] 
P2 Qin Workout 
[kPa] [kJ] [kJ] 


800 219.9 175.7 
900 183.7 144.7 
1000 150.6 117 

1100 120 91.84 
1200 91.23 68.85 
1300 64.08 47.65 
1400 38.2 27.98 
1500 13.32 9.605 
1553 0.4645 | 0.3319 


800 1000 1200 1400 1600 
P> [kPa] 
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7-46 R-134a undergoes an isothermal process in a closed system. The work and heat transfer are to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved other than the boundary work. 3 The thermal energy stored in the cylinder itself is negligible. 4 The 
compression or expansion process is quasi-equilibrium. 


Analysis The energy balance for this system can be 


expressed as T 
Ein ~ E out = AE system 
Net energy transfer Change in internal, kinetic, R-134a 
by heat, work, and mass potential, etc. energies 240 kPa 1 
Win Qout =AU = m(u, uj) Tı =T, =20°C 2 

The initial state properties are S 

P, = 240 kP = 246.74 kJ/k 

l a 8 (Table A -13) 

T, = 20°C s, =1.0134kJ/kg-K 
For this isothermal process, the final state properties are (Table A-11) 

T, =T, =20°C | u, =Uyf +XqU fg = 78.86 + (0.20)(162.16) = 111.29 kJ/kg 

X, = 0.20 S2 =S f +X7S i = 0.30063 + (0.20)(0.62172) = 0.42497 kJ/kg -K 
The heat transfer is determined from 

din = To (S2 — S1 ) = (293 K)(0.42497 — 1.0134) kJ/kg : K =-172.4 kJ/kg 
The negative sign shows that the heat is actually transferred from the system. That is, 

dout = 172.4 kJ/kg 
The work required is determined from the energy balance to be 

Win = our + (Uy —Uy) =172.4 kJ/kg + (111.29 — 246.74) kJ/kg = 36.95 kJ/kg 
7-47 The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. T 
Analysis No heat is transferred during the process 2-3 since the (°C) 
area under process line is zero. Then the heat transfer is equal to 600 
the area under the process line 1-2: 

h T+T. 
qı2 = | Tas = Area=—1—* (s, — 5) 
1 200 
273)K + (200 + 273)K 
_ (600 + 273)K + (200 + 273) (1.0 —0.3)kI/kg-K 
0.3 10 5 (kJ/kg:K) 


= 471kJikg 
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7-48E The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis Heat transfer is equal to the sum of the areas under the process 1-2 and 2-3. 


7 ; T, +T. 
dio = Tds + | tds = (s, —8,)+T,(s3 — S$) 
1 2 


_ (55 +460)R + (360 + 460)R 


(8.0 -1.0)Btu/lbm -R 


+ [(360 + 460)R |(2.0 — 3.0)Btu/lbm - R 


=515 Btullbm l 2 3 §(Btu/Ibm-R) 


7-49 The heat transfer during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis Heat transfer is equal to the sum of the areas under the process 1-2 and 2-3. 


2 3 
T, +T. T 

qı2 = | Tas + [Tas = —* (s, -= s1) +T, (83 — 52) (°C) 

l 2 600 


_ (200 + 273)K + (600 + 273)K 
2 


(0.3 —1.0)kJ/kg -K 


+ [(600 + 273)K |(1.0 — 0.3)kJ/kg - K 200 


=140 kJ/kg 0.3 10 s (kJ/kg:K) 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


7-19 


7-20 
7-50 Steam is expanded in an isentropic turbine. The work produced is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic (i.e., reversible- 
adiabatic). 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the turbine as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


E E _ AE 70 (steady) =i 2 MPa 
in ~ “out 7 system E 360°C 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 
mh, = mh, +W ut 
. : 100 kPa 
Wout = m(h, = hy) 
T 


The inlet state properties are 
P, =2 MP h; = 3159.9 kJ/k 
Eee et, ©. (Table A -6) E ; 
T; = 360°C sı = 6.9938 kJ/kg- K 
100 kPa ON 


For this isentropic process, the final state properties are (Table A-5) 


P, =100 kPa 
S3 = S4 = 6.9938kI/kg-K 


X = = 0.9397 
Si 6.0562 


S2=Sf _ 6.9938—1.3028 
h, =h; +x,h y =417.51+ (0.9397)(2257.5) = 2538.9 kJ/kg 


Substituting, 
Wout = h — h, = (3159.9 — 2538.9) kJ/kg = 621.0 kJ/kg 
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7-51 Steam is expanded in an isentropic turbine. The work produced is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic (i.e., reversible- 
adiabatic). 


Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


$ : ue : 70 (steady) = 
Ein m E out F AE system =0 4 MP 
ROE i Å Å— a 
Rate of net energy transfer Rate of change in internal, kinetic, 


by heat, work, and mass potential, etc. energies 5 kg/ S 


Ey =E 
mh, =m hy + 1h; +Wou, 
Wont = Mh, —mh, —m,h, 700 kPa 
From a mass balance, 100°C 
m, =0.05m, = (0.05)(5 kg/s) = 0.25 kg/s 
m, =0.95m, = (0.95)(5 kg/s) = 4.75 kg/s 
Noting that the expansion process is isentropic, the enthalpies at three 


states are determined as follows: 


(Table A -6) 


P, =50kPa ) h, = 2682.4 kJ/kg 
T; =100°C Í s} =7.6953kI/kg-K 


P, =4MPa 


h, =3979.3kI/kg (Table A -6) 
s} = S3 = 7.6953 kJ/kg -K 


P, = 700 kPa 


h, =3309.1kJ/kg (Table A-6) 
S> = S3 = 7.6953 kJ/kg- K 


Substituting, 


Wout a mh, —myh, —m3h, 
= (5 kg/s)(3979.3 kJ/kg) — (0.25 kg/s)(3309.1 kJ/kg) — (4.75 kg/s)(2682.4 kJ/kg) 
= 6328 kW 
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7-52 Water is compressed in a closed system during which the entropy remains constant. The final temperature and the 
work required are to be determined. 


Analysis The initial state is superheated vapor and thus 


T 

P, =70 kP = 2509.4 kJ/k 

! TEI © (Table A -6) : 
T, =100°C Ss, = 7.5344 kJ/kg : K 

The entropy is constant during the process. The properties at the exit state are 2 

P, = 4000 kPa Uy = 3396.5 kJ/k 

4 2 È (Table A - 6) x 
Sa =S; =7.5344kJ/kg-K | T, =664°C 


To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass 
enters or leaves. The energy balance for this stationary closed system can be expressed as 


E in E out > AE system 
ee SES baean 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win =Au=u, —u; (sinceQ=KE=PE=0) 
Substituting, 
Win =U3 —U, = (3396.5 — 2509.4)kJ/kg = 887.1kJ/kg 


7-53 Refrigerant-134a is expanded in a closed system during which the entropy remains constant. The heat transfer and the 
work production are to be determined. 


Analysis The initial state is superheated vapor and thus 


T 
P, = 600 kP = 249.22 kJ/k: 
! a i Ë (Table A -13) : 
T, =30°C sı =0.9499 kJ/kg : K 
The entropy is constant during the process. The properties at the exit state are 2 
P, =140 kPa 
u, = 220.75 kJ/kg (Table A - 13) s 
Sy = S; =0.9499 kJ/kg : K 


Since the process is isentropic, and thus the heat transfer is zero. 
Q=0kJ 


To determine the work done, we take the contents of the cylinder as the system. This is a closed system since no mass 
enters or leaves. The energy balance for this stationary closed system can be expressed as 


E in ` E out = AE system 
+ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


— Wout =AU =m(u, —Uu,) (since Q = KE = PE=0) 
Substituting, 
Wut = m(u, —uy) = (0.5kg)(249.22 — 220.75) k/kg =14.2 kJ 
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7-54 Refrigerant-134a is expanded in an adiabatic turbine reversibly. The process is to be sketched on the T-s diagram and 
the volume flow rate at the exit is to be determined. 


Assumptions The process is steady. T 1200 kPa 
Analysis (b) Noting that the process is isentropic (constant entropy) the inlet 
and exit states are obtained from R-134a tables (Table A-12) as follows: 100 kPa 
1 
P, =1200kPa | h =273.87 kJ/kg 
x, =1 sı =0.9130kJ/kg-K 2 
So —S¢ 0.9130- 0.07188 s 
= = =0.9559 
P, =100kPa oa 0.87995 
S) =S; =0.9130 kJ/kg -K h, =h; + xh =17.28 + 0.9559 x 217.16 = 224.87 kJ/kg 


Uy =V; +XV g =0.0007259 + 0.9559 x (0.19254 — 0.0007259) = 0.1841 m°/kg 


We take the turbine as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the turbine, the energy balance for this steady-flow system can be expressed in the rate form as 


: : : 0 (steady) 
Ein ~ E out z. AE system =0 
—rn 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


mh, = mh, +W, (since Q = Ake = Ape = 0) 


Wout = m(h, ~ hy) 
Solving for the mass flow rate and substituting, 


m= Wow ew = 2,041 kg/s 
h, —-h, (273.87 — 224.87) kI/kg 


The volume flow rate at the exit is then, 


V, = mv, =(2.041kg/s)(0.1841 m3/kg) = 0.376 m3/s 
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7-55 Water vapor is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to 
be discussed if this process is realistic. 


Analysis (a) The properties at the initial state are 


P, =600 kPa | U, = 2566.8 kJ/kg (Table A -5) 
abie = 


x, =1 sı = 6.7593 kJ/kg -K 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


En -E out = AE 


cS = Se i 
by heat, work, and mass ~ potential, ete. energies T pon kPA 
-Wt =AU =m(u, —u,) (sinceQ=KE = PE=0) 100 kPa 
Solving for the final state internal energy, 1 
W, 700 kJ 
u, =u; +—™ = 2566.8 kJ/kg + = 2216.8 kJ/kg 2 25 
m 2kg 
s 


The entropy at the final state is (from Table A-5) 


P, =100 kPa 
u, = 2216.8 kJ/kg 


X% = =0.8617 
U fg 2088.2 


| U2 —Uf _ 2216.8—417.40 
Sy =S f + XS g =1.3028 + 0.8617 x 6.0562 = 6.5215 kJ/kg -K 


The entropy change is 
As = S, -S4 = 6.5215- 6.7593 = —0.238 kJ/kg -K 


(b) The process is not realistic since entropy cannot decrease during an adiabatic process. In the limiting case of a reversible 
(and adiabatic) process, the entropy would remain constant. 
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7-56 Refrigerant-134a is compressed in an adiabatic compressor reversibly. The process is to be sketched on the T-s 
diagram and the volume flow rate at the inlet is to be determined. 


Assumptions The process is steady. 


Analysis (b) Noting that the process is isentropic (constant 
entropy) the inlet and exit states are obtained from R-134a 
tables (Tables A-12 and A-13) as follows: 


h; = 251.88 kJ/kg 
P, =320 kPa | sı =0.9301 kJ/kg- K 
=1 
xı v; = 0.06360 m°/kg 
P, =1200 kPa 


h, =279.35 kJ/kg 
S =S} =0.9301 kJ/kg : K 


1200 kPa 
320 kPa 
1 
S 


7-25 


We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the rate form 


as 
: . pa g #0 (steady) E 
En E E out = AE system =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in — E out 


mh, + W,, = rh, (since Q = Ake = Ape = 0) 


Win = hC, — hy) 
Solving for the mass flow rate and substituting, 


Wa _ 100 kw 
h, —h, (279.35 —251.88)kJ/kg 


m= 


= 3.640 kg/s 


The volume flow rate at the inlet is then, 


V, = my, = (3.640 kg/s)(0.06360 m?/kg) = 0.232 m3/s 
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7-57 Steam enters a nozzle at a specified state and leaves at a specified pressure 
diagram and the maximum outlet velocity is to be determined. 


Analysis (b) The inlet state properties are 


For the maximum velocity at the exit, the entropy will be constant 
during the process. The exit state enthalpy is (Table A-6) 


P, = 6000 kPa 


x =l 


h, = 2784.6 kJ/kg 


(Table A - 5) 
sı = 5.8902 kJ/kg : K 


S2 Sf _ 5.8902 — 2.2159 
4.3058 


Sy = Sı = 5.8902 kJ/kg -K 


S 


7-26 


. The process is to be sketched on the T-s 


6000 kPa 


1200 kPa 


9 
hy =h; + xhg = 798.33 + 0.8533 x 1985.4 = 2492.5 kJ/kg 


We take the nozzle as the system, which is a control volume since mass crosses the boundary. Noting that one fluid stream 
enters and leaves the nozzle, the energy balance for this steady-flow system can be expressed in the rate form as 


#0 (steady) 
system 


Ein -E out F AE 


— 
Rate of net energy transfer 
by heat, work, and mass 


2 
naal 


Solving for the exit velocity and substituting, 


2472 
h =m [E “) 


2 
2 0.5 2 
V, = \v, + 2(h, — hy )| =| (0 m/s)“ + 2(2784.6 — 2492.5) kJ/kg 


=0 


Rate of change in internal, kinetic, 
potential, etc. energies 


v2 ae 
h, + a (since W = Q = Ape = 0) 


= 764.3 mis 


1000 m?/s? 


j 


1kJ/kg 
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7-58 Heat is added to a pressure cooker that is maintained at a specified pressure. The minimum entropy change of the 
thermal-energy reservoir supplying this heat is to be determined. 


Assumptions 1 Only water vapor escapes through the pressure relief valve. 


Analysis According to the conservation of mass principle, 


An entropy balance adapted to this system becomes 


dS urr f d(ms) . 
dt dt $a 


When this is combined with the mass balance, it becomes 


dS ar d(ms) — dm 
S + P 5 —. 
dt dt dt 


20 


Multiplying by dt and integrating the result yields 
AS gure +M3S3 — MS — Sout (Ma —M,) 20 
The properties at the initial and final states are (from Table A-5 at P; = 175 kPa and P, = 150 kPa) 
Vi =V; + XV g = 0.001057 + (0.10)(1.0037 — 0.001057) = 0.1013 m/kg 
S4 =S f + XS pg =1.4850 + (0.10)(5.6865) = 2.0537 kJ/kg + K 
Vy =V f + XV f =0.001053 + (0.40)(1.1594 — 0.001053) = 0.4644 m/kg 
Sy =S pf + XS py =1.4337 + (0.40)(5.7894) = 3.7494 kJ/kg - K 


The initial and final masses are 


V .020 m? 
m, = 2 =0.1974kg 
vi 0.01013 m3/kg 
3 
pigs Oe Te 


V 0.4644 m°/kg 


The entropy of escaping water vapor is 


Sout =Sg@150kPa = 7-2231KJ/kg K 


Substituting, 


AS gure + M282 — MS} — Sout (M3 — Mı) 2 0 
AS cure + (0.04307)(3.7494) — (0.1974)(2.0537) - (7.2231)(0.04307 — 0.1974) > 0 
AS cure + 0.8708 > 0 


The entropy change of the thermal energy reservoir must then satisfy 


AS ur 2 —0-8708 kJIK 


surr ~~ 
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7-59 Heat is added to a pressure cooker that is maintained at a specified pressure. Work is also done on water. The 
minimum entropy change of the thermal-energy reservoir supplying this heat is to be determined. 


Assumptions 1 Only water vapor escapes through the pressure relief valve. 


Analysis According to the conservation of mass principle, 


An entropy balance adapted to this system becomes 


dS give N d(ms) 
dt dt 


+MoyS 29 


When this is combined with the mass balance, it becomes 


dS xr d(ms) — dm 
S + P 5 —. 
dt dt dt 


20 


Multiplying by dt and integrating the result yields 
AS surr + M782 — MS = Sow (M3 —m,) 2 0 


Note that work done on the water has no effect on this entropy balance since work transfer does not involve any entropy 
transfer. The properties at the initial and final states are (from Table A-5 at P; = 175 kPa and P, = 150 kPa) 


vi =U, + XV y = 0.001057 + (0.10)(1.0037 — 0.001057) = 0.1013 m3/kg 
Sı =S/ + XS y =1.4850 + (0.10)(5.6865) = 2.0537 KJ/kg - K 
V, =V; + XV g = 0.001053 + (0.40)(1.1594 — 0.001053) = 0.4644 m3/kg 
S3 =S p + XS = 1.4337 + (0.40)(5.7894) = 3.7494 kJ/kg -K 


The initial and final masses are 


V .020 m? 
mca IA 201974 kg 
vi 0.01013 m3/kg 
3 
ip OUI O30 


V, 0.4644 m°/kg 


The entropy of escaping water vapor is 


Sout =Sg@1s0kPa = 7-2231KJ/kg K 


out 
Substituting, 
AS gure + M282 — MS, — Sout (M3 — Mı) 2 0 

AS care + (0.04307)(3.7494) — (0.1974)(2.0537) - (7.2231)(0.04307 — 0.1974) > 0 

AS sun, + 0.8708 > 0 


The entropy change of the thermal energy reservoir must then satisfy 


AS ur Z —0-8708 kJIK 


surr — 
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7-60 A cylinder is initially filled with saturated water vapor mixture at a specified temperature. Steam undergoes a 
reversible heat addition and an isentropic process. The processes are to be sketched and heat transfer for the first process 
and work done during the second process are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The thermal energy stored in the cylinder itself is 
negligible. 3 Both processes are reversible. 


Analysis (b) From the steam tables (Tables A-4 through A-6), 
T, = 100°C 


hn =h; + xh = 419.17 + (0.5)(2256.4) = 1547.4 kJ/kg 
x=0.5 


h, =h, = 2675.6 kJ/kg 


U, =U, = 2506.0 kJ/kg 


= ~ 
Sy = Sg = 7.3542 kJ/kg: K 


x, =1 


P; =15 kPa 


Jus = 2247.9 kJ/kg 
S3 = S2 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this closed system can be expressed as 
E -E = AE. 


Bran PEA 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin —Wo,our = AU = m(uy — uy) 


system 


For process 1-2, it reduces to 
Qi in = M(h, — hi) = (5 kg)(2675.6 -1547.4)kJ/kg = 5641kJ 
(c) For process 2-3, it reduces to 


W93,p,out = M(Uy — U3) = (5 kg)(2506.0 - 2247.9)kI/kg = 1291kJ 


Steamjapws 


500} 


T [PC] 


300+ 101.42 kPa 


15 kPa 


100; 


00 11 22 33 44 #55 66 7.7 88 99 11.0 
s [kJ/kg-K] 
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7-61E An insulated rigid can initially contains R-134a at a specified state. A crack develops, and refrigerant escapes slowly. 


The final mass in the can is to be determined when the pressure inside drops to a specified value. 


Assumptions 1 The can is well-insulated and thus heat transfer is negligible. 2 The refrigerant that remains in the can 


underwent a reversible adiabatic process. 


Analysis Noting that for a reversible adiabatic (i.e., isentropic) process, sı = s2, the 
properties of the refrigerant in the can are (Tables A-11E through A-13E) 


En 0.06039 Btu/lbm - R 
Sı ŽS op =U. m: 
T, =50°F pee, 
S.-S; 0.06039 — 0.03793 
P, =30 os = =0.1208 
A a 0.1859 
S2 = Sı 


Uy =V + X3V pq =0.01209 + (0.1208\1.5492 — 0.01209)= 0.1978 ft?/Ibm 
Thus the final mass of the refrigerant in the can is 


V 0.8 ft? 


3 =4.04lbm 
Və 0.1978 ft”/lbm 
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7-62E An electric windshield defroster used to remove ice is considered. The electrical energy required and the minimum 
temperature of the defroster are to be determined. 


Assumptions No no heat is transferred from the defroster or ice to the surroundings. 
Analysis The conservation of mass principle is 


dm ‘ . 
a 7 ae 


out 


which reduces to 


dma 
m out 
dt 


while the the first law reduces to 


d(mu . 
E Wout T ame + Mout 


h 


out 


Combining these two expressions yield 


dm, _d(mu) 
ot dt dt 


When this is multiplied by dt and integrated from time when the ice layer is present until it is removed (m = 0) gives 


W, 


out — hout (=m; ) + (mu); 
The original mass of the ice layer is 
_V tA 


V Y 


m; 


The work required per unit of windshield area is then 


Wort t t (0.25/12) ft 
as (u; Aout) = (u; up )= Uif = 3 
A V v v 0.01602 ft” /Ibm 


(—144 Btu/Ibm) = -187.3 Btu/ft? 


That is, 
W,, =187.3 Btu/ft? 


The second law as stated by Clasius tells us that the temperature of the defroster cannot be lower than the temperature of the 
ice being melted. Then, 


T nin = 32°F 
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Entropy Change of Incompressible Substances 


7-63C No, because entropy is not a conserved property. 


7-64 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
total entropy change are to be determined. 


Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 


Properties The density and specific heat of water at 25°C are p = 997 kg/m? and Cp = 4.18 kJ/kg.°C. The specific heat of 
copper at 27°C is cp = 0.386 kJ/kg.°C (Table A-3). 


Analysis We take the entire contents of the tank, water + copper block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


Ein ~ ie = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=AU WATER 

or, 

AU cy + AU water = 9 

[me(T, T Ti)]cu + [mc(T, = A Neier =0 160 L 
where 


Myvyater = PV = (997 kg/m? )(0.160 m?) = 159.5 kg 
Using specific heat values for copper and liquid water at room temperature and substituting, 
(75 kg)(0.386 kJ/kg -°C)(T, —110)°C + (159.5 kg)(4.18 kJ/kg -°C)(T, —15)°C =0 
T = 19.0°C = 292 K 
The entropy generated during this process is determined from 


292.0 K 


T, 
AS copper = MC ivg n2) = (75 kg {0.386 kJ/kg . K) nf 383 K 


=-7.85 kJ/K 
1 


ea =9.20 kI/K 


T, 
AS water IG 2] = (159.5 kg (4.18 kJ/kg - Ki ae 


Thus, 


AS otal = AS copper + AS water = —7-85 + 9.20 = 1.35 kJIK 


copper water 
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7-65 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the chips, R-134a, and 
the entire system are to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 


Analysis (a) The energy balance for this system can be expressed as 


E in E out = AE system 
ne, 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0=AU =|mu, = th) bine +[m(u, =U) lesan 
[mu ao) yee = [muy =u] Maas 
The heat released by the chips is 
Qenips = MECT, —T>) = (0.010 kg)(0.3kI/kg- K)[20—(—40)]K = 0.18 kJ 


The mass of the refrigerant vaporized during this heat exchange process is 


— Qr-i34a __ Qr-134a __  O18KJ 


Mg> 
“Ug Up Upe@-sec 207.40 kJ/kg 


= 0.0008679 kg 


Only a small fraction of R-134a is vaporized during the process. Therefore, the temperature of R-134a remains constant 
during the process. The change in the entropy of the R-134a is (at -40°F from Table A-11) 


AS R-134a = Mg 2Sg,2 +Mp Spo —-Myp Spy 
= (0.0008679)(0.96866) + (0.005 — 0.0008679)(0) —(0.005)(0) 
= 0.000841 kJ/K 


(b) The entropy change of the chips is 


= me In 22 = (0.010 kg)(0.3 KJ/kg  K)in 0 *27)K _ _9 900687 kJIK 
T, (20+ 273)K 


AS 


chips 


(c) The total entropy change is 


AS totat = Sgen = ASR-134a + AS chips = 0.000841 + (—0.000687) = 0.000154 kJIK 


chips 


The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-66 A hot iron block is dropped into water in an insulated tank. The total entropy change during this process is to be 
determined. 


Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 4 The water that evaporates, condenses back. 


Properties The specific heat of water at 25°C is cp = 4.18 kJ/kg.°C. The specific heat of iron at room temperature is c, = 
0.45 kJ/kg.°C (Table A-3). 


Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no mass 
crosses the system boundary during the process. The energy balance for this system can be expressed as 


Ein a E out z AE 


system 
fi 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential etc. energies WATER 
o 
0=AU D 
or, 
AU iron + AU water =0 

[me(T, = Ti liron + [mc(T, ~ Ti water =0 

Substituting, 


(25 kg)(0.45 kJ/kg - K)(T, — 350°C) + (100 kg)(4.18 kJ/kg -K)(T, — 18°C) = 0 
T, = 26.7°C 
The entropy generated during this process is determined from 


299.7 K 


= —8.232 kJ/K 
623 K 


ASiron = MCavg n2) z (25 kg {0.45 kJ/kg- Kio 
1 


2TA) 2314k 


AS water = MCavg 2) = (100 kg\(4.18 kJ/kg- K)f o 


Thus, 


Seon = AStotat = ASiron + AS water = -8-232 +12.314 = 4.08 kJ/K 


iron water 


Discussion The results can be improved somewhat by using specific heats at average temperature. 
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7-67 An aluminum block is brought into contact with an iron block in an insulated enclosure. The final equilibrium 
temperature and the total entropy change for this process are to be determined. 


Assumptions 1 Both the aluminum and the iron block are incompressible substances with constant specific heats. 2 The 
system is stationary and thus the kinetic and potential energies are negligible. 3 The system is well-insulated and thus there 
is no heat transfer. 


Properties The specific heat of aluminum at the anticipated average temperature of 400 K is c, = 0.949 kJ/kg.°C. The 
specific heat of iron at room temperature (the only value available in the tables) is c, = 0.45 kJ/kg.°C (Table A-3). 


Analysis We take the iront+taluminum blocks as the system, which is a closed system. The energy balance for this system 
can be expressed as 


Ein re Bs = AE. 


system 
— 
Net energy transfer Change in internal, kinetic, g 
by heat, work, and mass potential, etc. energies Aluminum 
0=AU 30 kg 
140°C 
or, 
AU gum + AV iron =0 
[mc(T, S; Tatum + [mc(T, a Ti liron =0 
Substituting, 


(30 kg)(0.949 kJ/kg - K)(T, — 140°C) + (40 kg)(0.45 kJ/kg : K)(T, — 60°C) = 0 
T, =109°C =382 K 
The total entropy change for this process is determined from 


T3 382K 
AS iron = MC avg if 2) = (40 kg\(0.45 kJ/kg - pe 


) = 2.472 kJ/K 


T. 382K 
AS... = mc, In| = |= (30 kg {0.949 kJ/kg -K)In 
alum avg Ẹ ) ( gy 8 ) (= K 


) = -2.221 kJ/K 


Thus, 
AS total =ASiron + AS 


iron 


= 2.472 — 2.221 = 0.251 kJIK 


alum 
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EES 
7-68 Problem 7-67 is reconsidered. The effect of the mass of the iron block on the final equilibrium temperature and 
the total entropy change for the process is to be studied. The mass of the iron is to vary from 10 to 100 kg. The equilibrium 
temperature and the total entropy change are to be plotted as a function of iron mass. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

T_1_iron = 60 [C] 

“m_iron = 40 [kg]” 

T_1_al = 140 [C] 

m_al = 30 [kg] 

C_al = 0.949 [kJ/kg-K] "FromTable A-3 at the anticipated average temperature of 450 K." 
C_iron= 0.45 [kJ/kg-K] "FromTable A-3 at room temperature, the only value available." 
"Analysis: " 

" Treat the iron plus aluminum as a closed system, with no heat transfer in, no work out, neglect changes in KE 
and PE of the system. " 

"The final temperature is found from the energy balance." 

E_in - E_out = DELTAE_sys 

E out=0 

E in=0 

DELTAE_sys = m_iron*DELTAu_iron + m_al*DELTAu_al 

DELTAu_iron = C_iron*(T_2_iron - T_1_iron) 

DELTAu_al = C_al*(T_2_al- T_1_al) 

"the iron and aluminum reach thermal equilibrium:" 

T_2 iron=T_2 

T_2 al=T_2 

DELTAS_iron = m_iron*C_iron*In((T_2_iron+273) / (T_1_iron+273)) 

DELTAS_al = m_al*C_al*In((T_2_al+273) / (T_1_al+273)) 

DELTAS_total = DELTAS_iron + DELTAS_al 


0.45 
ASwa kJ/kg] | Mion [kal | T2[C] | 
0.08547 10 129.1 a = asi 
0.1525 20 120.8 0.35 T 
0.2066 30 114.3 Cal A] 
0.2511 40 109 3” A 
0.2883 50 104.7 = 025 h 
0.32 60 101.1 zo 
0.3472 70 97.98 a P 
0.3709 80 95.33 odes 
0.3916 90 93.02 yA 
0.41 100 91 0.1 
0.05 


10 20 30 40 50 60 70 80 90 100 


K ' i i ' ' ' ' ~~] Miron [kg] 
125 

120 x | 

usl N | 
F' 105| IN 

100 | is a 
os} x 


10 20 30 40 50 60 70 80 90 100 
Miron [kg] 
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7-69 An iron block and a copper block are dropped into a large lake. The total amount of entropy change when both blocks 
cool to the lake temperature is to be determined. 


Assumptions 1 The water, the iron block and the copper block are incompressible substances with constant specific heats at 
room temperature. 2 Kinetic and potential energies are negligible. 


Properties The specific heats of iron and copper at room temperature are Ciron = 0.45 kJ/kg.°C and Cooper = 0.386 kJ/kg.°C 
(Table A-3). 


Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper 
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established. Then the entropy changes of 
the blocks become 


288 K 
353 K 


ASiron = MCs nf 2 = (50 kg\(0.45 kJ/kg- Kh = —4.579 kJ/K 
1 


T 288 K 
AS cope = MCavg n2) = (20 kg (0.386 kJ/kg - Kef TT 


) = -1.571 kJ/K 


We take both the iron and the copper blocks, as the system. This is a 
closed system since no mass crosses the system boundary during the 
process. The energy balance for this system can be expressed as 


Ein T E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
= Qout =AU = AU biron t AU sopper 

or, 

Qout = [me(T, = To )liron F [mc(T, = Tz )]copper 
Substituting, 

Qout = (50 kg 0.45 kJ/kg - K (353 — 288)K + (20 kg (0.386 kJ/kg - K (353 — 288)K 

= 1964 kJ 
Thus, 
ein 1964k 
AS ae = Qukein _ 1964K] _ 6 990 KK 


Tiake 288 K 


Then the total entropy change for this process is 


AS sotal = ASiron + AS + ASiake = —4.579 — 1.571 + 6.820 = 0.670 kJ/K 


iron copper 
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7-70 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input is to be 
determined by different approaches. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat transfer to 
or from the fluid is negligible. 


Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6) 
h; =191.81 kJ/kg 


P, =10 kPa 
0 sı = 0.6492 kJ/kg 

Xe = 

i v; =0.001010m°/kg 15 MPa j 
P, =15 MPa |h, = 206.90 kJ/kg 
Sy =S] v, = 0.001004 m°/kg \ 

(a) Using the entropy data from the compressed liquid water table yes 
— tL 


Wp =h, —h, =206.90 - 191.81 = 15.10 kJ/kg 

(b) Using inlet specific volume and pressure values 
wp =v (P, —P,) = (0.001010 m?/kg)(15,000 —10)kPa = 15.14 kJ/kg 
Error = 0.3% 


(c) Using average specific volume and pressure values 
Wp = Vag (P - R) = [1/2(0.001010 + 0.001004) m3/kg (15,000 —10)kPa = 15.10 kJ/kg 


Error = 0% 


Discussion The results show that any of the method may be used to calculate reversible pump work. 
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Entropy Changes of Ideal Gases 


7-71C No. The entropy of an ideal gas depends on the pressure as well as the temperature. 


as well as the temperature. 


7-72C The entropy of a gas can change during an isothermal process since entropy of an ideal gas depends on the pressure 


7-73C The entropy change relations of an ideal gas simplify to 
As = Cp In(7>/T;) for a constant pressure process 
and = 


As = cyln(T;/T,) for a constant volume process. 


Noting that c, > Cu, the entropy change will be larger for a constant pressure process 


7-74 For ideal gases, cp = cy + R and 


X V, TP 
Do J V TP; 
Thus, 


aH a Sa 
+ 


fa Sa aa a a 


"ta 
| 
| 


Wa 

| 

a 

S 
wh | 
NN” 


7-75 For an ideal gas, dh = c, dT and v= RT/P. From the second Tds relation, 
adi vP CpdP RT dP _ 


dT 
T T T P T 
Integrating, 


T, P. 
sa =s =e Iaf 2] rif) 
1 1 


Since c, is assumed to be constant. 


RE 


C 
PET P 
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7-76 Setting As = 0 gives 


T, P,\_ To eed Be T By ee 
c, In Rin 0 > In| In > 
ae eb P, Tı) Gp. \R T (P 


but 
R c-c i ki pin 
P Y Z]->=> since k=c,/c,. Thus, = =|= 
Cp Cp k k T, P 


7-77 The entropy changes of helium and nitrogen is to be compared for the same initial and final states. 


Assumptions Helium and nitrogen are ideal gases with constant specific heats. 


Properties The properties of helium are c, = 5.1926 kJ/kg:K, R = 2.0769 kJ/kg-K (Table A-2a). The specific heat of 


7-40 


nitrogen at the average temperature of (427+27)/2=227°C=500 K is cp = 1.056 kJ/kg-K (Table A-2b). The gas constant of 


nitrogen is R = 0.2968 kJ/kg-K (Table A-2a). 


Analysis From the entropy change relation of an ideal gas, 


T P 
Asie =C, In -R In — 
He p T, P, 
K 
= (5.1926 kg: KyIn- E E 2.0769 kJ/kg- K)In -o kae 
es a 
= 0.3826 kJIkg-K 
T p 
ASy2 =C, n=- RIn— 
1 1 
27+273)K 
= (1.056 J/kg K)In -ZZK __ (0.2968 kJ/kg K)In oe 
(427+273)K a 


= -0.2113 kJ/kg -K 


Hence, helium undergoes the largest change in entropy. 


7-78 The entropy difference between the two states of air is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The specific heat of air at the average temperature of (500+50)/2=275°C = 548 K = 550 K is c, = 1.040 kJ/kg:K 


(Table A-2b). The gas constant of air is R = 0.287 kJ/kg-K (Table A-2a). 


Analysis From the entropy change relation of an ideal gas, 


T, P. 
ASair =Cp In 2 Rin 
1 1 


(50+273)K _ 00.287 kJ/kg Kyin 100P? 
(500 + 273)K 2000 kPa 


= -0.0478 kJ/kg -K 


= (1.040 kJ/kg - K)ln 
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7-79E The entropy difference between the two states of air is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 


Properties The specific heat of air at the average temperature of (70+250)/2=160°F is cp = 0.241 Btu/Ibm-R (Table A-2Eb). 
The gas constant of air is R = 0.06855 Btu/lbm-R (Table A-2Ea). 


Analysis From the entropy change relation of an ideal gas, 


T, P, 
ASair = Cp In—— RIn— 
1 l 


CUADRA 
(70 + 460)R 15 psia 


= 0.00323 Btu/lbm-R 


= (0.241 Btu/Ibm- R)In 


7-80 The final temperature of nitrogen when it is expanded isentropically is to be determined. 

Assumptions Nitrogen is an ideal gas with constant specific heats. 

Properties The specific heat ratio of nitrogen at an anticipated average temperature of 450 K is k = 1.391 (Table A-2b). 
Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 


(k-1)/k 0.391/1.391 
P 
T, =T, => = (300 + 273 K( eee ~ 309K 
P, 900 kPa 


Discussion The average air temperature is (573+309)/2=441 K, which is sufficiently close to the assumed average 
temperature of 450 K. 


7-81E The final temperature of air when it is compressed isentropically is to be determined. 

Assumptions Air is an ideal gas with constant specific heats. 

Properties The specific heat ratio of air at an anticipated average temperature of 400°F is k = 1.389 (Table A-2Eb). 
Analysis From the isentropic relation of an ideal gas under constant specific heat assumption, 


(k-1)/k ; 
P 
Ben =. zgori T 
P 15 psia 


0.389/1.389 
) =1095R 


Discussion The average air temperature is (530+1095)/2=813 K = 353°F, which is sufficiently close to the assumed 
average temperature of 400°F. 
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7-82 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 
air is heated for 15 min at constant pressure. The entropy change of air during this process is to be determined for the cases 
of constant and variable specific heats. 


Assumptions At specified conditions, air can be treated as an ideal gas. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis The mass of the air and the electrical work done during this process are 


3 
pee E (120 kPa}{0.3 m = 0.4325 kg 


RT, (0.287 kPa -m°/kg -K (290 K) 


= W, At = (0.2 kJ/s {15 x 60 s)=180 kJ 


e,in 


AIR 
0.3 m? 

120 kPa 
17°C 


W, 


e,in 
The energy balance for this stationary closed system can be expressed as 


Ein = Eont = 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wain — Wy out = AU >Wain = m(h, = hi) = Cp (T, = T) 


since AU + W, = AH during a constant pressure quasi-equilibrium process. 


a) Using a constant c, value at the anticipated average temperature of 450 K, the final temperature becomes 
g p p 8 p p 


180 kJ 


=698 K 
(0.4325 kg)(1.02 kJ/kg -K) 


W in 
Thus, T, =T,+——=290K+ 
mC, 


Then the entropy change becomes 


20 
T- P. T- 
ASsys = m(s, — sı) = co n= Rin = MC p avg In 
l 1 


= (0.4325 kg\(1.020 kJ/kg - Ko = <| = 0.387 kJ/K 


(b) Assuming variable specific heats, 


W.. 
= m(h, —h,) —> h, = h, +—* = 290.16 kJ/kg pO M 76684 kJ/kg 
m 0.4325 kg 


W, 


e,in 


From the air table (Table A-17, we read s} = 2.5628 kJ/kg-K corresponding to this h value. Then, 


#0 
Si. = os -s + Rin = mls; = sf)= (0.4325 kg\(2.5628 —1.66802)kJ/kg : K = 0.387 kJ/K 
1 
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7-83 A cylinder contains N, gas at a specified pressure and temperature. The gas is compressed polytropically until the 
volume is reduced by half. The entropy change of nitrogen during this process is to be determined. 


Assumptions 1 At specified conditions, N, can be treated as an ideal gas. 2 Nitrogen has constant specific heats at room 
temperature. 


Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K (Table A-1). The constant volume specific heat of nitrogen 
at room temperature is cy = 0.743 kJ/kg.K (Table A-2). 


Analysis From the polytropic relation, 


n-1 n-l 
T, w: 
2-a) F nf) =(310 K2) =381.7 K 
T, V> v3 


Then the entropy change of nitrogen becomes 


T. v. 
AS y =f nrn) 
Í se T 1 


381.7K 


= (0.75 ks (0.78 kJ/kg -K)In F (0.2968 kJ/kg- K)in(03) = —0.0384 kJ/K 
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>) 
7-84 Problem 7-83 is reconsidered. The effect of varying the polytropic exponent from 1 to 1.4 on the entropy 
change of the nitrogen is to be investigated, and the processes are to be shown on a common P-v diagram. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 

m=0.75 [kg] 

P1=140 [kPa] 

T1=(37+273) [K] 

n=1.3 

RatioV=0.5 "RatioV=V2/V1" 


"Properties" 
c_v=0.743 [kJ/kg-K] 
R=0.297 [kJ/kg-K] 


"Analysis" 

T2=T1*(1/RatioV)^(n-1) "from polytropic relation" 
DELTAS=m*(c_v*In(T2/T1)+R*In(RatioV)) 
P1*V1=m*R*T1 


0.02 r - r - 1 r r r 
n AS o ] 
[kJ/kg] 002 Fa 
1 -0.1544 | 
1.05 -0.1351 -0.04 
1.1 -0.1158 z 
1.15 -0.09646 ae 
1.2 -0.07715 = dae 1 
1.25 -0.05783 no 
1.3 -0.03852 < o1 
1.35 -0.01921 
1.4 0.000104 -0.12 
-0.14 
-0.16 1 , 
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 
n 
1000 
900 | 
800 | 
700 | 
F L 
ae 600 
O 500 
400 
300 
200 
100 L_. 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 


V [m?/kg] 
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7-85E A fixed mass of helium undergoes a process from one specified state to another specified state. The entropy change 


of helium is to be determined for the cases of reversible and irreversible processes. 


Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 2 Helium has constant specific heats at room 
temperature. 


Properties The gas constant of helium is R = 0.4961 Btu/lbm.R (Table A-1E). The 
constant volume specific heat of helium is cy= 0.753 Btu/Ibm.R (Table A-2E). 


Analysis From the ideal-gas entropy change relation, He 
T P T; =540R 
ASye = M| Cy ave n— + RIN— T, = 660 R 
T, v 


3 
= (15 Ibm) (0.753 Btu/lbm- R) In £ È + (0.4961 Btu/lbm-R)In) 2 
TUR 50 ft*/Ibm 


= -9.71 Btu/R 


The entropy change will be the same for both cases. 


7-86 Air is expanded in a piston-cylinder device isothermally until a final pressure. The amount of heat transfer is to be 
determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The specific heat of air at the given temperature of 127°C = 400 K is cp = 1.013 kJ/kg-K (Table A-2b). The gas 
constant of air is R = 0.287 kJ/kg-K (Table A-2a). 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in ` E out = AE system 
— a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin -Wat =AU =m(un —u, (since KE = PE = 0) 
Qin -Wat =AU =m(u, —u,)=0 sinceT, =T; 
Qin =Wout 
The boundary work output during this isothermal process is 


P 
Wut = MRT In — = (1 kg)(0.287 kJ/kg - K)(127 + 273 K)In AR 79.6 kJ 
P, 100 kPa 


Thus, 
Qin =Wout = 79-6 kJ 
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7-87 Argon is expanded in an adiabatic turbine. The exit temperature and the maximum work output is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Argon is an ideal gas with constant specific heats. 


Properties The properties of argon are c, = 0.2081 kJ/kg-K and k = 1.667 (Table A-2b). 


Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the turbine as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


: e = z 70 (steady) _ 
Ein ~ E out z AE system =0 
ae ae Sr E 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Argon 
Én =Ë turbine 
mh, = mh, + Wout 
Wout = m(h; = hy) 
Wout = hy ~ hy T 


For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 1 
exit temperature will be 


0.667 /1.667 0.2 MPa 
200 kPa -308K 2 
2000 kPa 


(k-1)/k 

DEN =(500 + 273 Kf 
Pi 

Substituting into the energy balance equation gives 


Wout =h — h, =c (T; — T,) = (0.2081 kJ/kg - K)(773— 308)K = 96.8 kJ/kg 


oul 
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7-88E Air is compressed in an isentropic compressor. The outlet temperature and the work input are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at an anticipated average temperature of 400°F are cp = 0.245 Btu/Ibm:R and k = 1.389 
(Table A-2Eb). 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the compressor as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


Ein Z E out = AE oe Sea) =0 
e SHO et tec a 
CTE compressor 
Èn =E 


in out 


rh, +W,, = mh, 


Win =m(h, — hy) T 
The process is reversible as well as adiabatic (i.e., isentropic). This 
being the case, the exit temperature will be 200 psia 2 
p, \&-Dve 200 psia \o28 1389 
T, =T,| 2 =(70 + 460 R) —P* =1095R l 
P, 15 psia 15 psia 1 


Substituting into the energy balance equation gives 


Win =h — h; =c, (T, — T,) = (0.245 Btu/lbm - R)(1095 — 530)R = 138 Btu/lbm 


Discussion The average air temperature is (530+1095)/2=813 K = 353°F, which is sufficiently close to the assumed 
average temperature of 400°F. 
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7-89 One side of a partitioned insulated rigid tank contains an ideal gas at a specified temperature and pressure while the 
other side is evacuated. The partition is removed, and the gas fills the entire tank. The total entropy change during this 


process is to be determined. 


Assumptions The gas in the tank is given to be an ideal gas, and thus ideal gas relations apply. 


Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 


Ein z Eout AE system 
YY 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0 = AU = m(u, ~ u;) 
u = Uy 
hn=1 


since u = u(T) for an ideal gas. Then the entropy change of the gas becomes 


Kal) 
AS = NI C, ine +R, res = NR, In— 
T A 


v,avg 
1 1 


= (5 kmol)(8.314 kJ/kmol - K) In(2) 


= 28.81 kJ/K 


This also represents the total entropy change since the tank does not contain anything else, and there are no interactions 
with the surroundings. 
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7-90 Air is compressed in a piston-cylinder device in a reversible and adiabatic manner. The final temperature and the work 
are to be determined for the cases of constant and variable specific heats. 


Assumptions 1 At specified conditions, air can be treated as an ideal gas. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The specific heat ratio of air at the anticipated 
average temperature of 425 K is k = 1.393 and R = 0.730 kJ/kg.K (Table A-2a). 


Analysis (a) Assuming constant specific heats, the ideal gas isentropic relations give 


(k-1)/k 0.393 /1.393 

P. kP 

TEn EA Ee =564.9 K 
P 90 kPa 


Since Typ = (295 + 565)/2 = 430 K 


the assumed average temperature (425 K) is close enough to his value. 


We take the air in the cylinder as the system. The energy balance for this stationary Reversible 
closed system can be expressed as 
Ein E E out z AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win = AU = m(u, - u,) = me, (T, -T,) 


Thus, 


T, — T, )= (0.730 kJ/kg - K (564.9 — 295)K =197.0 kJIkg 


Win = Cial 


1 


(b) Assuming variable specific heats, the final temperature can be determined using the relative pressure data (Table A-17), 


P, =1.3068 


T; =295 K —> 
u, =210.49 kJ/kg 


and 


P T, =564.9 K 
p ep a a 
> P,"  90kPa u, = 408.09 kJ/kg 


Then the work input becomes 


Wi, =u, —U, = (408.09 — 210.49) kJ/kg = 197.6 kJ/k 
in 2 1 ( ) 8 g 
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EES 
7-91 Problem 7-90 is reconsidered. The work done and final temperature during the compression process are to be 


calculated and plotted as functions of the final pressure for the two cases as the final pressure varies from 100 kPa to 1200 
kPa. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Procedure ConstPropSol(P_1,T_1,P_2,Gas$:Work_in_ConstProp,T2_ConstProp) 
C_P=SPECHEAT(Gas$,T=27) 
MM=MOLARMASS(Gas$) 
R_u=8.314 [kJ/kmol-K] 

R=R_u/MM 

CV=CP-R 

k=C_P/C_V 

T2= (T_1+273)*(P_2/P_1)((k-1)/k) 
T2_ConstProp=T 2-273 "[C]" 
DELTAu = C_v*(T2-(T_1+273)) 
Work_in_ConstProp = DELTAu 


End 
"Knowns:" 
P_1 = 90 [kPa] 
T_1= 22 [C] 


"P_2 = 900 [kPa]" 


"Analysis: " 

" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect 

changes in KE and PE of the air. The process is reversible and adiabatic thus isentropic." 
"The isentropic work is determined from:" 

e_in-e out = DELTAe_sys 

e_out = 0 [kJ/kg] 

e_in = Work_in 

DELTAE_sys = (u_2 - u_1) 


u_1 = INTENERGY (air, T=T_1) 
v_1 = volume(air,P=P_1,T=T_1) 
s_1 = entropy(air,P=P_1,T=T_1) 


" The process is reversible and adiabatic or isentropic. " 
s2=sl1 

u_2 = INTENERGY(air,P=P_2,s=s_2) 

T_2_isen = temperature(air,P=P_2,s=s_ 2) 


Gas$ = ‘air’ 
Call ConstPropSol(P_1,T_1,P_2,Gas$:Work_in_ConstProp,T2_ConstProp) 
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P2 Workin Workin,constProp T2constProp Taisen 
[kPa] | [kJ/kg] [kJ/kg] [C] [C] 
100 6.467 6.469 31.01 31.01 
200 54.29 54.25 97.59 97.42 
300 87.09 86.91 143.1 142.6 
400 112.8 112.5 178.7 177.8 
500 134.3 133.8 208.5 207 
600 152.9 152.3 234.2 232.1 
700 169.4 168.7 257 254.3 
800 184.3 183.5 277.7 274.2 
900 198 197 296.5 292.2 
1000 | 210.5 209.5 313.9 308.9 
1100 | 222.3 221.1 330.1 324.2 
1200 | 233.2 232 345.3 338.6 


250 1 r 1 1 1 r 


N 
jo) 
O 


me 
a 
[=] 


e 
QO 
© 


Workin [kJ/kg] 


a Vv 


0 200 400 600 800 1000 1200 
P2 [kPa] 


0 200 400 600 800 1000 1200 
P2 [kPa] 
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7-92 An insulated rigid tank contains argon gas at a specified pressure and temperature. A valve is opened, and argon 
escapes until the pressure drops to a specified value. The final mass in the tank is to be determined. 


Assumptions 1 At specified conditions, argon can be treated as an ideal gas. 2 The process is given to be reversible and 
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 


Properties The specific heat ratio of argon is k = 1.667 (Table A-2). 
Analysis From the ideal gas isentropic relations, 


(k-1)/k 0.667/1.667 

P. 200 kP 

ToT 203K) oo =219.0K 
P, 450 kPa 


The final mass in the tank is determined from the ideal gas relation, 


PV m,RT, _ P,T, _ (200 kPa X303 K) 


> m m 
PV m, RT 2 PT, | (450 kPaX219K 
2 2 2 142 


(4kg)=2.46 kg 
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EES 


7-93 Problem 7-92 is reconsidered. The effect of the final pressure on the final mass in the tank is to be investigated 
as the pressure varies from 450 kPa to 150 kPa, and the results are to be plotted. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

c_p = 0.5203 [kJ/kg-K ] 
c_v = 0.3122 [kJ/kg-K ] 
R=0.2081 [kPa-m^3/kg-K] 
P_1= 450 [kPa] 

T_1=30 [C] 

m_1 = 4 [kg] 

P_2= 150 [kPa] 


"Analysis: 
We assume the mass that stays in the tank undergoes an isentropic expansion process. This allows us to 
determine the final temperature of that gas at the final pressure in the tank by using the isentropic relation:" 
ap c_p/c_v 
T_2 (rT 1+273)*(P_2/P_1)*((k-1)/k)-273) 
Vi2=Vi1 
P_1*V_1=m_1*R*(T_1+273) 
P_2*V_2=m_2*R*(T_2+273) 


4 

P2 m2 

[kPa] [kg] 

150 2.069 3.6 

200 2.459 

250 2.811 = 

300 3.136 D 3:2 

350 3.44 =< 

400 3.727 N 55 

450 4 ee 
2.4 
2 
150 200 250 300 350 400 450 


P> [kPa] 
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7-54 
7-94E Air is accelerated in an adiabatic nozzle. Disregarding irreversibilities, the exit velocity of air is to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is given to be reversible and adiabatic, and 
thus isentropic. Therefore, isentropic relations of ideal gases apply. 2 The nozzle operates steadily. 


Analysis Assuming variable specific heats, the inlet and exit properties are determined to be 


P. =12.30 
T, =1000 R —> i m. 
h, = 240.98 Btu/lbm 


and 1 AIR 2 


j T, = 635.9 R 
ae P, RA 12 psia (12.30) = 2.46 $ 2 D” 
g : h, =152.11 Btu/lbm 


P 60 psia 


We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system can be 


expressed in the rate form as 
= > : #0 (steady) 
Ein ca E out = AE system =0 


— ——S — 
Rate of net energy transfer Rate of change in internal, kinetic, 


by heat, work, and mass potential, etc. energies 
Ein = Eoi 
m(h +V? /2) = m(h, + Vz/2) 
2 2 
me re atte 


2 


Therefore, 


2 ft? 2 
V, = 2(h, —hy )+V/ = ,]2(240.98 -152.11)Btu/Ib EE OES + (200 ft/s)? 
1 Btu/Ibm 


= 2119 ft/s 
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7-95 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the exit are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Analysis For the polytropic process of an ideal gas, Pv" = Constant , and the exit temperature is given by 


(n-1)/n 0.3/1.3 
P 
T, =T,| = (373 Kaa) =279K 

P, 700 kPa 


There is only one inlet and one exit, and thus m, =m, =m. We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


Èn = Es - AE AO (steady) =0 


system 


SSS SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


int = É out 700 kPa —, 


100°C = _Ait 200 kPa 


2 2 
30 mi 
ifs 2) = ifn 2) : — 


Solving for the exit velocity, 


Vv, = v? +2(h, —h, ‘lig 
=|v2 +20,0, -T,)|* 


0.5 
1000 m/s” 
lkJ/kg 


=| (30 m/s)? +2(1.005 kJ/kg -K)(373 x| 


= 436 mis 
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7-96 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the exit are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Analysis For the polytropic process of an ideal gas, Pv" = Constant , and the exit temperature is given by 


P (n-1)/n 200 kPa 0.1/1.1 
T, =T,| — = (373 K( ee) =333K 
P, 700 kPa 


There is only one inlet and one exit, and thus m, =m, =m. We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


Èn = Es - AE 70 (steady) =0 


system 


TA 
Rate of net energy transfer Rate of change in internal, kinetic, 


by heat, work, and mass potential, etc. energies a a 
i 700 kPa l 


Ein =E yy a A 
t 100°C ees 200 kPa 
v2 v2 30 m/s —— 
ifn E)n £) 
y? Ve 
hy palh h, piz 


Solving for the exit velocity, 


V, = lv? + 2(hy — h, f° 
= V? +20) (T-T, |“ 


0.5 
1000 m?/s” 
1 kJ/kg 


=| (30 m/s)? + 2(1.005 kJ/kg - K)(373 | 


= 286 m/s 
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7-97 Air is expanded in a piston-cylinder device until a final pressure. The maximum work input is given. The mass of air 
in the device is to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 
Properties The properties of air at 300 K is cy= 0.718 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


E in ` E out = AE system 
Net energy transfer Change in internal, kinetic, T 
by heat, work, and mass potential, etc. energies 
Wat =AU =m(uz =u) (since Q= KE = PE = 0) 600 kPa K> 
For the minimum work input to the compressor, the process must be 
reversible as well as adiabatic (i.e., isentropic). This being the case, the 
: ; 100 kPa 
exit temperature will be 1 
S 
(k-1)/k 0.4/1.4 
P. 
T, =T,| 2 =(427 +273 K( eee) =419.5K 
P, 600 kPa 


Substituting into the energy balance equation gives 


W, 1 
Wout = mM(u; -u2 ) = me, (T, -T3) >m = on = a =4,97kg 
c,(T, -T,) (0.718 kJ/kg -K)(700 — 419.5)K 
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7-98 Helium is compressed in a steady-flow, isentropic compressor. The exit temperature and velocity are to be 


determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic, and thus there is 
no heat transfer. 3 Helium is an ideal gas with constant specific heats. 


Properties The properties of helium are c, = 5.1926 kJ/kg:K and k = 1.667 (Table A-2b). 


Analysis (a) There is only one inlet and one exit, and thus m, =m, =m. We take the compressor as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


system 


En Evy = BE geen "= 0 600 kPa 
SF 


Helium 
compressor 


Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Én =Ë 


in out 


100 kPa 


vê i v2 ; 
m h, + —|+W., =m} h, + — ince Q = Ape = 
1 5 Win 2 5 (since pe = 0) 27°F 


The process should be isentropic for minimum work input. This being the case, the exit temperature will be 


(k-1)/k 0.6671.667 
P. 
pen =(27+273 (Oe =614.4K 
P, 100 kPa T 
(b) Solving the energy balance for the exit velocity and substituting, 200 psia ; 
2 2 
an + “z +W, = a(n + z) 
2 2 100 kPa 4, 
Win |V -V° 5 
(hy — hy) + = ! | 
2 
r i 0.5 
V, =| V? + T -h,)+ “| 
m 


z 5 0.5 
W. 
v? +fegtr Sr jee = | 
m 


0.5 
1000 e uenis | 


0 + 2| (5.1926 kJ/kg - K)(300 — 614.4)K + 
0.6kg/s || kJ/kg 


= 261.2 m/s 
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7-99 Air is expanded adiabatically in a piston-cylinder device. The entropy change is to be determined and it is to be 
discussed if this process is realistic. 


Assumptions 1 Air is an ideal gas with constant specific heats. 


Properties The properties of air at 300 K are cp = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K and k = 1.4. Also, R = 0.287 kJ/kg-K 
(Table A-2a). 


Analysis (a) We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


Ein ~ Fou = AE 


system 
— — a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wut = AU =m(u, —u,) (sinceQ=KE=PE=0) 


~ Wout =mcy T, z T) 
Solving for the final temperature, 


W, 
Wut = Mc, (T, - T3) >T, =T, E E E E T 
mc (5kg)(0.718 kJ/kg - K) 


v 


From the entropy change relation of an ideal gas, 


T P. 
ASair = Cp In = — R In = 
T; P, 
29K 100 kP 
= (1.005 kI/kg -Kyin E or ike K Ea 
700K 600 kPa 


=0.240 kJ/kg -K 


(b) Since the entropy change is positive for this adiabatic process, the process is irreversible and realistic. 
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7-100 Air contained in a constant-volume tank s cooled to ambient temperature. The entropy changes of the air and the 
universe due to this process are to be determined and the process is to be sketched on a T-s diagram. 


Assumptions 1 Air is an ideal gas with constant specific heats. 


Properties The specific heat of air at room temperature is cy = 0.718 kJ/kg.K 
(Table A-2a). 


Analysis (a) The entropy change of air is determined from Air 
5 kg 
AS ir = MC, m2 327°C 
1i 100 kPa 
= (5kg)(0.718 e o e DE 
(327 +273)K 
= —2.488 kJIK 
(b) An energy balance on the system gives T 


Qout =m, (T, ~ T3) 
= (5 kg)(0.718 kJ/kg.K)(327 — 27) 
=1077 kJ 27°C 
The entropy change of the surroundings is 
Qout 1077 KJ 
E i 300 K 


surr 


As = 3.59 kJ/K 


The entropy change of universe due to this process is 


Seon = AStotat = ASair + AScurt = —2-488 + 3.59 = 1.10 kJIK 


surr 
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7-101 A container filled with liquid water is placed in a room and heat transfer takes place between the container and the air 
in the room until the thermal equilibrium is established. The final temperature, the amount of heat transfer between the 
water and the air, and the entropy generation are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 


room is well-sealed and there is no heat transfer from the room to the surroundings. 4 Sea level atmospheric pressure is 
assumed. P = 101.3 kPa. 


Properties The properties of air at room temperature are R = 0.287 kPa.m*/kg.K, Cp = 1.005 kJ/kg.K, cy, = 0.718 kJ/kg. K. 
The specific heat of water at room temperature is cy = 4.18 kJ/kg.K (Tables A-2, A-3). 


Analysis (a) The mass of the air in the room is 


OPV (101.3 kPa)(90 m°) 
RT,, (0.287 kPa -m?/kg-K)(12+273 K) 


=111.5 kg 


a 


An energy balance on the system that consists of the water in the container and 
the air in the room gives the final equilibrium temperature 


0 = myey (T -Tw ) + Macy (T, -Ta ) 
0 = (45 kg)(4.18 kJ/kg. K)(T, —95) + (111.5 kg)(0.718 kJ/kg. K)(T, —12) ——>T, = 70.2°C 
(b) The heat transfer to the air is 


Q =m,c, (T, -T,1) = (111.5kg)(0.718 kJ/kg.K)(70.2 —12) = 4660 kJ 


(c) The entropy generation associated with this heat transfer process may be obtained by calculating total entropy change, 
which is the sum of the entropy changes of water and the air. 


AS, = MyCy ee = (45 kg)(4.18 Wein =-13.11kJ/K 
Twi (95 +273) K 
3 
Be m RT, _ (111.5kg)(0.287 kPa -m ae K)(70.2+ 273 K) _ 122 kPa 
V (90 m”) 
T. P. 
AS, = el nz ene | 
P 
al 1 
.24+273)K 
=(111.5kg)) (1.005 yee eS 087 iene =14.88kJ/K 
(12+273)K 101.3 kPa 


Sven = AS totat = AS +ASq =—13.11+14.88 = 1.77 kJIK 
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7-102 An ideal gas is compressed in an isentropic compressor. 10% of gas is compressed to 600 kPa and 90% is 
compressed to 800 kPa. The compression process is to be sketched, and the exit temperatures at the two exits, and the mass 
flow rate into the compressor are to be determined. 


Assumptions 1 The compressor operates steadily. 2 The process is reversible-adiabatic (isentropic) 
Properties The properties of ideal gas are given to be c, = 1.1 kJ/kg.K and cy = 0.8 kIJ/kg.K. 
Analysis (b) The specific heat ratio of the gas is 

Cp 1l P= 800 kPa 


k =— = — =1.375 
Cy 8 


The exit temperatures are determined from ideal gas isentropic relations to be 


(k-l)/k 0.375/1.375 COMPRESSOR 
P. kP 
T, = (2 =(15+273 Ke =469.5 K 


1 100 kPa 32 kW 
(k-1)/k 0.375/1.375 
P. kP 3 
T; =T, (2) =(15+273 (ae =) -507.8K J PESON KES 
a P, = 100 kPa 
(c) A mass balance on the control volume gives T; =288 K 
where 
. i P; 
m, = 0. 1m, T 
m3 = 0.9m, P, 


We take the compressor as the system, which is a control 
volume. The energy balance for this steady-flow system can be P; 
expressed in the rate form as 


È £ ra A E 0 (steady) _ 
Ein -E out z system =0 
Å —— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
s . =- 3 S 
E in E out 


mh, + Win = mh, + mh; 


rhc )T, + W,, = 0. 1c „T, + 0.9rhc T; 


Solving for the inlet mass flow rate, we obtain 


oe w, 
"ey [0.1 -T,) + 0.9(T; -T,)] 
7 32kW 
(1.1 kJ/kg - K)[0.1(469.5 — 288) + 0.9(507.8 — 288)| 
= 0.1347 kg/s 
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7-103E Air is charged to an initially evacuated container from a supply line. The minimum temperature of the air in the 
container after it is filled is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas with 
constant specific heats. 3 Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The 
tank is well-insulated, and thus there is no heat transfer. 


Properties The specific heat of air at room temperature is c, = 0.240 Btu/lbm-R (Table A-2Ea). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and entropy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = PPA ote 


m; =m, =m; Air —> 200 psia, 100°F 
m; = Ng 
Entropy balance: 
MS, —m,S; +M,S,—mM;S; 20 Evaciated 
MS, —-M;S; 20 
Combining the two balances, 
MS) —M,S; 20 
Sy, —$; 20 
The minimum temperature will result when the equal sign applies. Noting that P3 = P;, we have 
T, P T, 
S2 -Si =C, In-Rin— = Qe In =0 
T, P, T, 
Then, 
T, =T; =100°F 
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Reversible Steady-Flow Work 


7-104C The work associated with steady-flow devices is proportional to the specific volume of the gas. Cooling a gas 
during compression will reduce its specific volume, and thus the power consumed by the compressor. 


7-105C Cooling the steam as it expands in a turbine will reduce its specific volume, and thus the work output of the 
turbine. Therefore, this is not a good proposal. 


7-106C We would not support this proposal since the steady-flow work input to the pump is proportional to the specific 
volume of the liquid, and cooling will not affect the specific volume of a liquid significantly. 


7-107E Air is compressed isothermally in a reversible steady-flow device. The work required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.06855 Btu/lbm-R (Table A-1E). 


Analysis Substituting the ideal gas equation of state into the reversible 80 psia 
steady-flow work expression gives 90°F 
2 2 p 
Win = f vdP = RT| a RT In Compressor 
P P, 
1 1 
80 psia 
= (0.06855 Btu/lbm - R)(90 + 460 K)In} ——— . 
13 psia 13 psia 
90°F 


= 68.5 Btullbm 
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7-108 Saturated water vapor is compressed in a reversible steady-flow device. The work required is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer associated with 
the process. 3 Kinetic and potential energy changes are negligible. 


Analysis The properties of water at the inlet state are 


T, =150°C | P, =476.16kPa 
(Table A - 4) 


x, =1 v, = 0.39248 m3/kg 


Compressor 


Noting that the specific volume remains constant, the reversible steady-flow work 


expression gives Wat 
ater 
2 150°C 
Win = | ¥dP = vi (P, -P,) sat. vap. 
1 


= (0.39248 m3 /kg)(1000-476. ioe 
1kPa-m 


= 205.6 kJ/kg 


7-109E The reversible work produced during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis The work produced is equal to the areas to the left of P 
the reversible process line on the P-y diagram. The work done A 
: i (psia) 
during the process 2-3 is zero. Then, 
300 


2 
+ 
Wi3 =W +0 [vp AP) 
1 


(1+ 3.3)ft?/Ibm ; 1Btu 
= 300 — 15)psia}) ————__ 
2 f K 5.404 psia - ft? 1 2 3.3 y (fê/bm) 


=113.4 Btu/lbm 
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7-110 The reversible work produced during the process shown in the figure is to be determined. 
Assumptions The process is reversible. 


Analysis The reversible work relation is 


P 
E (kPa) 
i 600 
When combined with the ideal gas equation of state 
RT 200 
v=— 
P 
The work expression reduces to 0.002 v (m°/kg) 


2 2 
dP P P 
ws =fvP-= RT| =-RT In—-=-P,v, In 
| P P, P, 


=—(600 kPa)(0.002 m?/kg)In 


600 kPa 1kJ 
200 kPa 1kPa- m? 


= -1.32 kJ/kg 


The negative sign indicates that work is done on the system in the amount of 1.32 kJ/kg. 


7-111 Liquid water is to be pumped by a 25-kW pump at a specified rate. The highest pressure the water can be pumped to 
is to be determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 
process is assumed to be reversible since we will determine the limiting case. 


Properties The specific volume of liquid water is given to be v, = 0.001 m°/kg. 


Analysis The highest pressure the liquid can have at the pump exit can be determined from the reversible steady-flow work 
relation for a liquid, 


2 
Wan =n], uP + Ake”! + ape") = (PR) P2 


Thus, g 
1kJ | 25 kW 
3 


25 KJ/s = (5 kg/s)(0.001 m*/kg)(P, —100)k Pl = 


Pa-m 


It yields 
P, =5100 kPa 100 kPa 
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7-112 A steam power plant operates between the pressure limits of 5 MPa and 10 kPa. The ratio of the turbine work to the 


pump work is to be determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are negligible. 3 The 


process is reversible. 4 The pump and the turbine are adiabatic. 


Analysis Both the compression and expansion processes are reversible and adiabatic, and thus isentropic, 


Sı = s2 and s; = s4. Then the properties of the steam are 


P, =10 kPa | hy = h, @10 kpa = 2583.9 kJ/kg 


sat.vapor S4 = Sg@10 kPa = 8.1488 kJ/kg - K 


| h, = 4608.1 kJ/kg 


Also, 4 = %@ 10 kPa = 0.00101 m*/kg. 


The work output to this isentropic turbine is determined from 
the steady-flow energy balance to be 
- : = : #0 (steady) = 
Ein = Fut E AE system í =0 


—rn 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = Boy 
rah; = h, + Wout 


= m(h, E hy) 


W, 


out 
Substituting, 
Wiurb,out = h3 — h4 =4608.1 — 2583.9 = 2024.2 kJ/kg 


The pump work input is determined from the steady-flow work relation to be 


2 


Woump,in 
1k 
= (0.00101 m*/kg)(5000 — oe 
1kPa-m 
= 5.041 kJ/kg 
Thus, 
w. 
turb,out = 2024.2 ~ 402 
Wpump,in 5.041 
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>) 
7-113 Problem 7-112 is reconsidered. The effect of the quality of the steam at the turbine exit on the net work output 
is to be investigated as the quality is varied from 0.5 to 1.0, and the net work output us to be plotted as a function of this 


quality. 
Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Steam_IAPWS' 
P[1] = 10 [kPa] 

x[1] = 0 

P[2] = 5000 [kPa] 

x[4] = 1.0 


"Pump Analysis:" 
T[1]=temperature(WorkFluid$,P=P[1],x=0) 
v[1]=volume(workFluid$,P=P[1],x=0) 
h[1]=enthalpy(WorkFluid$,P=P[1],x=0) 
s[1]=entropy(WorkFluid$,P=P[1],x=0) 

s[2] = s[1] 
h[2]=enthalpy(WorkFluid$,P=P[2],s=s[2]) 
T[2]=temperature(WorkFluid$,P=P[2],s=s[2]) 


"The Volume function has the same form for an ideal gas as for a real fluid." 
v[2]=volume(WorkFluid$, T=T[2],p=P[2]) 


“Conservation of Energy - SSSF energy balance for pump" 
"-- neglect the change in potential energy, no heat transfer:" 
h[1]+W_pump = h[2] 


"Also the work of pump can be obtained from the incompressible fluid, steady-flow result:" 
W_pump_incomp = v[1]*(P[2] - P[1]) 


“Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential energy, no 
heat transfer:" 

P[4] = P[1] 

P[3] = P[2] 
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 
s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 
T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
s[3] = s[4] 
h[3]=enthalpy(WorkFluid$,P=P[3],s=s[3]) 
T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) 
h[3] = h[4] + W_turb 

W_net_out = W_turb - W_pump 
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X4 Weet, out 2100 
[kJ/kg] 
0.5 555.6 | 
0.55 637.4 — 1750 
0.6 719.2 p 
0.65 801 = | 
0.7 882.8 =<, 1400 
0.75 971.2 Pe, 
0.8 1087 3 1 
0.85 1240 = 
0.9 1442 2-1050 
0.95 1699 z J 
1 2019 om 


0.5 l . i 0.9 1 
x[4] 


Steam | ppws 
a 


1100 a S S S 1 E 


T [°C] 
[e2] 
=] 
L} 
S S O E E S S A E S E E E E S O E E E E 


10 kPa. 
en 


L L fi 1 i i 1 
00 11 22 33 44 55 66 77 88 99 11.0 
s [kJ/kg-K] 
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7-70 


7-114 Liquid water is pumped by a 70-kW pump to a specified pressure at a specified level. The highest possible mass 
flow rate of water is to be determined. 


Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic energy changes are P,=5 MPa f 
negligible, but potential energy changes may be significant. 3 The process is assumed to = 
be reversible since we will determine the limiting case. E 
Properties The specific volume of liquid water is given to be y = 0.001 m’/kg. ~ 
Analysis The highest mass flow rate will be realized when the entire process is reversible. 
Thus it is determined from the reversible steady-flow work relation for a liquid, N 
. Att? 20 i _>_ 
Win =m f v dP + Ake“ + Ape = m{v(P, - B )+ glz» - z, )}} = 
1 
Thus, f Water 
1 kJ 1 KJ/k ee 
7 KJ/s = rh} (0.001 m?/kg)(5000 —120)kPa] ——— | + (9.8 m/s”)(10 m| ———8— 
| om [ae] ' 1000 m?/s? 


It yields 
m = 1.41 kg/s 
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7-71 


7-115E Helium gas is compressed from a specified state to a specified pressure at a specified rate. The power input to the 
compressor is to be determined for the cases of isentropic, polytropic, isothermal, and two-stage compression. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic and potential 
energy changes are negligible. 


Properties The gas constant of helium is R = 2.6805 psia.ft’/Ibm.R = 0.4961 2 
Btu/Ibm.R. The specific heat ratio of helium is k = 1.667 (Table A-2E). 


Analysis The mass flow rate of helium is 


PY, 16 psia \10 ft? He 
m= = (16 pial s) = 0.1095 Ibm/s 
RT, (2.6805 psia - ft°/lbm -R {545 R) 
(a) Isentropic compression with k = 1.667: ] 10 fë/s 
et, {(P, (k-1)/k 1 
Weomp in =™M 1 
i k-1 ||P 
0.667/1.667 
1. .4961 Btu/Ibm - R (545 R) |/ 12 i 
- (0.1095 iis) 6670.4961 Btu/Ibm - R (545 R) |( 120 psia e 
1.667 -1 16 psia 


=91.74 Btu/s 
=129.8hp since 1 hp = 0.7068 Btu/s 


(b) Polytropic compression with n = 1.2: 


(n-1)/n 
_nRT, |( P, 
Weomp in =™M 1 
i n-1 (P 


EAs to RS R) (2 =) | 


= (0.1095 Ibm/s 
1.2-1 16 psia 
= 70.89 Btu/s 


=100.3 hp since 1 hp = 0.7068 Btu/s 
(c) Isothermal compression: 
120 psia 


P 
= mRT In -> = (0.1095 Ibm/s)(0.4961 Btu/Ibm - R {545 R )in oig 732267 Btu/s = 84.42 hp 
1 psia 


W, 


comp,in 


(d) Ideal two-stage compression with intercooling (n = 1.2): In this case, the pressure ratio across each stage is the same, 
and its value is determined from 


P, = P,P, = (16 psia 120 psia) = 43.82 psia 


The compressor work across each stage is also the same, thus total compressor work is twice the compression work for a 
single stage: 


RT P (n-1)/n 

: E n 

Wom nw 2MWeomp I= 2m f = -1 
: i n-1|\P, 


4961 Btu/Ibm- R)(545 R) ( 4382 a | 


= 2(0.1095 Ibm/s) (1.20 
1.2-1 14 psia 
= 64.97 Btu/s 


=91.92hp since 1 hp = 0.7068 Btu/s 
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7-72 


EES 


7-116E Problem 7-115E is reconsidered. The work of compression and entropy change of the helium is to be 
evaluated and plotted as functions of the polytropic exponent as it varies from 1 to 1.667. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Given" 

P1=16 [psia] 
T1=85+460 
V1_dot=10 [ft*3/s] 
P2=120 [psia] 
n=1.2 


"Properties" 

R=0.4961 [Btu/lbm-R] 
R1=2.6805 [psia-ft*3/lbm-R] 
k=1.667 

c_p=1.25 [Btu/lbm-R] 


"Analysis" 

m_dot=(P1*V1_dot)/(R1*T1) 
W_dot_comp_in_a=m_dot*(k*R*T1)/(k-1)*((P2/P1)*((k-1)/k)-1)*Convert(Btu/s, hp) 
W_dot_comp_in_b=m_dot*(n*R*T1)/(n-1)*((P2/P1)((n-1)/n)-1)*Convert(Btu/s, hp) 
W_dot_comp_in_c=m_dot*R*T1*In(P2/P1)*Convert(Btu/s, hp) 

P_x=sqrt(P1*P2) 
W_dot_comp_in_d=2*m_dot*(n*R*T1)/(n-1)*((P_x/P1)*((n-1)/n)-1)*Convert(Btu/s, hp) 


"Entropy change” 
T2/T1=(P2/P1)*((n-1)/n) 
DELTAS_He=m_dot*(c_p*In(T2/T1)-R*In(P2/P1)) 


n Weomp,in,a Weomp,in,b Weomp,in,c Weomp ind ASuHe 
[hp] [hp] [hp] [hp] [Btu/s-R] 
1 129.8 84.42 84.42 84.42 -0.1095 
1.1 129.8 92.64 84.42 88.41 -0.0844 
1.2 129.8 100.3 84.42 91.92 -0.0635 
1.3 129.8 107.5 84.42 95.04 -0.04582 
1.4 129.8 114.1 84.42 97.82 -0.03066 
1.5 129.8 120.3 84.42 100.3 -0.01753 
1.6 129.8 126.1 84.42 102.6 -0.006036 
1.667 129.8 129.8 84.42 104 0.0008937 
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7-74 


7-117 Water mist is to be sprayed into the air stream in the compressor to cool the air as the water evaporates and to reduce 
the compression power. The reduction in the exit temperature of the compressed air and the compressor power saved are to 
be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is reversible. 3 Kinetic and potential energy 
changes are negligible. 3 Air is compressed isentropically. 4 Water vaporizes completely before leaving the compressor. 4 
Air properties can be used for the air-vapor mixture. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The specific heat ratio of air is k = 1.4. The inlet 
enthalpies of water and air are (Tables A-4 and A-17) 


hw = he@20°c = 83.29 kJ/kg ‘i Age@20°c = 2453.9 kJ/kg and ha = h@300 kK =300.19 kJ/kg 


Analysis In the case of isentropic operation (thus no cooling or water spray), the exit temperature and the power input to 
the compressor are 


(k-1)/k (1.4-1)/1.4 
T, (P 
e 22: > T, = (300 oh aoka es =610.2K 
T, (P 100 kPa 


Von ART fn) 


comp,in — 
s k-1 


{.6{0.267 eE (1200 kPa/100 kPa)*"4 —1} = 654.3 kW 


= (2.1 kg/s) 
When water is sprayed, we first need to check the accuracy of the assumption 
that the water vaporizes completely in the compressor. In the limiting case, the 1200 kPa 
compression will be isothermal at the compressor inlet temperature, and the 
water will be a saturated vapor. To avoid the complexity of dealing with two 
fluid streams and a gas mixture, we disregard water in the air stream (other 
than the mass flow rate), and assume air is cooled by an amount equal to the 
enthalpy change of water. 


The rate of heat absorption of water as it evaporates at the inlet 
; 100 kPa 
temperature completely is 
; 1 300 K 
Qeooling,max = Mwh fg @20°c = (0.2 kg/s)(2453.9 kJ/kg) = 490.8 kW 
The minimum power input to the compressor is 
. i P. 1200 kP 
Weomp,in,min = MRT In = (2.1 kg/s)(0.287 kJ/kg - K)(300 K) In ee = 449.3 kW 
a B 100 kPa 


This corresponds to maximum cooling from the air since, at constant temperature, Ah = 0 and thus On. = Wa = 449.3 kW, 


which is close to 490.8 kW. Therefore, the assumption that all the water vaporizes is approximately valid. Then the 
reduction in required power input due to water spray becomes 
AW, = Weomp, isentropic T Weomp, isothermal = 


comp,in 


654.3 — 449.3 = 205 kW 


Discussion (can be ignored): At constant temperature, Ah = 0 and thus Qout = Win =449.3kW corresponds to maximum 
cooling from the air, which is less than 490.8 kW. Therefore, the assumption that all the water vaporizes is only roughly 
valid. As an alternative, we can assume the compression process to be polytropic and the water to be a saturated vapor at 
the compressor exit temperature, and disregard the remaining liquid. But in this case there is not a unique solution, and we 
will have to select either the amount of water or the exit temperature or the polytropic exponent to obtain a solution. Of 
course we can also tabulate the results for different cases, and then make a selection. 


Sample Analysis: We take the compressor exit temperature to be T) = 200°C = 473 K. Then, 
hyo = he@200°c = 2792.0 kJ/kg and ho = hasn pS 475.3 kJ/kg 
Then, 
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(n-l)/n 
z(a) SK (awe 


(n-1)/n 
> ) > n=1.224 
T, (P 300K \ 100kPa 


. . nRT 3 . nR 
Weomp,in =m E (p, /P e un si} m Na -T,) 
1.224\(0.287 kJ/kg -K 
= (2.1 kg/s) (1.224% 2 dears 300)K =570 kW 


1.224-1 


Energy balance: 


Weomp,in ome = m(h, h) > Qout = Weomp,in ‘7 m(h, z h) 
= 569.7 kW — (2.1 kg/s)(475.3 — 300.19) = 202.0 kW 


Noting that this heat is absorbed by water, the rate at which water evaporates in the compressor becomes 


ON 202.0 KJ/s 
h,3—h,, (2792.0 83.29) kJ/kg 


Qiiar = Qin, water = my, (hy, hy) > My T = 0.0746 kg/s 


Then the reductions in the exit temperature and compressor power input become 
AT, = T isentropic z Ty water cooled 7 610.2 — 473 = 137.2° C 


AWeomp,in = W eomp-isenuonis > Wióinpwater cooled = 654.3- 570 = 84.3 kW 


Note that selecting a different compressor exit temperature T> will result in different values. 


7-75 


7-118 A water-injected compressor is used in a gas turbine power plant. It is claimed that the power output of a gas turbine 
will increase when water is injected into the compressor because of the increase in the mass flow rate of the gas (air + water 


vapor) through the turbine. This, however, is not necessarily right since the compressed air in this case enters the 


combustor at a low temperature, and thus it absorbs much more heat. In fact, the cooling effect will most likely dominate 


and cause the cyclic efficiency to drop. 
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7-76 


Isentropic Efficiencies of Steady-Flow Devices 


7-119C The ideal process for all three devices is the reversible adiabatic (i.e., isentropic) process. The adiabatic 
efficiencies of these devices are defined as 


actual work output _ insentropic work input actual exit kineticenergy 


T Ë i N 


insentropic work output ° actual work input insentropic exit kinetic energy 


7-120C No, because the isentropic process is not the model or ideal process for compressors that are cooled intentionally. 


7-121C Yes. Because the entropy of the fluid must increase during an actual adiabatic process as a result of 
irreversibilities. Therefore, the actual exit state has to be on the right-hand side of the isentropic exit state 
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7-77 


7-122E Steam is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work produced and 
the final temperature are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is 
negligible. 


Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


Ein ~ Fou = AE 


system 
uU—~—~ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wout = AU =m(u, u) 


Wout =U; — Ug 


From the steam tables (Tables A-5 and A-6), 


P, =100 psia | u, = 1233.7 Btu/Ibm 
T; =650°F | sı =1.7816 Btu/lbm-R 


P, =1 MPa 


S25 =S] 


X95 = =0.9961 
S 1.12888 


| Sos —S¢ _ 1.7816 — 0.47427 
Un, =Uf + Xz, +U fg =298.19 + 0.9961 x 807.29 =1068.4 Btu/lbm 


The work input during the isentropic process is 


We out =U} — U3, = (1233.7 — 1068.4)Btu/Ibm = 165.3 Btu/lbm 


s,out 
The actual work input is then 


Wa.out = isen Ws out = (0.80)(165.3 Btu/lbm) = 132.2 Btullbm 


The internal energy at the final state is determined from 


Wout =U] — U3 >U, =U]; — Woy = (1233.7 —132.2)Btu/lbm =1101.4 Btu/lbm 
Using this internal energy and the pressure at the final state, the temperature is determined from Table A-6 to be 


P, =10 psia 


T, =274.6°F 
u, =1101.4 Btu/lbm 
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7-123 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of the turbine is to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the actual turbine as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


E in E out = AE ee a =0 
Piet tod Rate of change in internal, kinetic, P, =3 MPa 
> > i i potential, etc. energies Tı = 400°C 
E in 7 E out 


mh, = Wa,out + mh, (since Q = Ake = Ape = 0) 
=m(h, —h,) 


Steam 
turbine 


Ww Lr =92% 


a,out 


From the steam tables (Tables A-4 through A-6), 


P, =3 MPa | h =3231.7 kJ/kg P, =30 kPa 
T, = 400°C sı = 6.9235 kJ/kg- K 
S>, —S = 
Becak | ce 2s Sf _ 6.9235—0.9441 -0.8763 
Sý 6.8234 
Sos =S] 


hz, =p +xsh gy =289.27 + (0.8763)(2335.3) = 2335.7 kJ/kg 


The actual power output may be determined by multiplying the isentropic power output with the isentropic efficiency. 
Then, 


Wa,out = Ws out 

=nrm(h, — hy, ) 

= (0.92)(2 kg/s)(3231.7 — 2335.7) kJ/kg 
= 1649 kw 
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7-79 


7-124 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.85. The power output of the turbine is to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the actual turbine as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


` ` : 0 (stead: 
E in E out z AE system i 2 =0 
Rate of net transfe Pr- 3 Mka 
ate of net energy transter Rate of change in internal, kinetic, = o 
by heat, work, and mass potential, etc. energies Tı = 400°C 
E in 7 E out 


Steam 
turbine 
Tr =85% 


mh, = Wa,out + mh, (since Q = Ake = Ape = 0) 


W = m(h, —h,) 


a,out 


From the steam tables (Tables A-4 through A-6), 
p =3 a h, =3231.7 kJ/kg P, =30 kPa 


T, = 400°C sı = 6.9235 kJ/kg: K 
S>, —S = 
Becak | ce 2s Sf _ 6.9235—0.9441 -0.8763 
Sý 6.8234 
Sos =S] 


hz, =p +xsh gy =289.27 + (0.8763)(2335.3) = 2335.7 kJ/kg 


The actual power output may be determined by multiplying the isentropic power output with the isentropic efficiency. 
Then, 


Wa out = Ir We out 

=nņrm(h; — hy.) 

= (0.85)(2 kg/s)(3231.7 — 2335.7)kJ/kg 
= 1523 kw 
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7-80 


7-125 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow rate of the steam 
and the isentropic efficiency are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 


Analysis (a) From the steam tables (Tables A-4 and A-6), 
P, =7 MPa | h, =3650.6 kJ/kg 
s 


T, =600°C Ís; =7.0910 kJ/kg -K 
P, =50 kPa 

hyq = 2780.2 kJ/kg 
T, =150°C 


There is only one inlet and one exit, and thus m, = m, = m . We take the actual 


turbine as the system, which is a control volume since mass crosses the boundary. 


The energy balance for this steady-flow system can be expressed in the rate form 2 
as 
- ~ ~ #0 (steady) = 
Ein E E out = AE ;ystem =0 
— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein z E out 


m(h +V? /2) = Wy ou + MCh, +V?/2) (since Q = Ape = 0) 


2_ 72 
W out = ic h + vz = | 


Substituting, the mass flow rate of the steam is determined to be 


2, 2 
S008 ks =a 270:2- s50 Om) — Gomis (iets) 


2 1000 m?/s? 

m=6.95 kg/s 
(b) The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are 
S2s = Sp _ 7.0910 —1.0912 


P,, =50 kPa | a PT =0.9228 

S2s = S1 hy, =h; +xXshy 1340.544 (0.9228)(2304.7)= 2467.3 kI/kg 
and 

We ou = “Tilly, -n + WV? -v )/2)) 


W, 


s,out 


= -(6.95 kg/s) 2467.3-3650,6 + e s)? = (80 m/s)’ 1 kJ/kg ) 
2 1000 m?/s? 


=8174 kW 
Then the isentropic efficiency of the turbine becomes 


_W, _ 6000 kW 


, = 0.734 = 73.4% 
T W, 8174kW 
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7-81 
7-126E Combustion gases enter an adiabatic gas turbine with an isentropic efficiency of 82% at a specified state, and leave 
at a specified pressure. The work output of the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Combustion gases can be treated as air that is an 


ideal gas with variable specific heats. 
Analysis From the air table and isentropic relations, 


h, = 504.71 Btu/Ibm 
P, =174.0 


oe [2 p -| 60 psia Jano) 87.0 > h, = 417.3 Btu/lbm 


There is only one inlet and one exit, and thus m, = m, = m . We take the actual turbine as the 
system, which is a control volume since mass crosses the boundary. The energy balance for 
this steady-flow system can be expressed as 


Ein a Éon 
mh =W, ot +h, (since Q = Ake = Ape = 0) 
Wa out = m(h, T hy) 


Noting that wa = rws, the work output of the turbine per unit mass is determined from 


w, = (0.82)(504.71 — 417.3)Btu/Ibm = 71.7 Btullbm 
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7-82 


7-127 Air is compressed by an adiabatic compressor with an isentropic efficiency of 95%. The power input is to be 


determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 K are cp = 1.013 kJ/kg-°C and k = 


1.395 (Table A-2b). 


Analysis We take the compressor as the system, which is a control volume since mass crosses the boundary. Noting that 
one fluid stream enters and leaves the compressor, the energy balance for this steady-flow system can be expressed in the 


rate form as 
: : : 70 (steady) 
Ein p E out = AE system =0 


Sa —_—— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = E out 
mh, + Wi, = mhh, 
Win =rù(h, — hy) =the, (T> -T,) 
The isentropic exit temperature is 


(k-1)/k 0.395/1.395 
P 700 kP 
T, =T,| = (293 K) —~* =508.3K 

P, 100 kPa 


The power input during isentropic process would be 
Wain 
The power input during the actual process is 


Wein 436.3 kW 


i = 459.3 kW 
Ne 0.95 


= mc , (Ty, —T;) = (2 kg/s)(1.013 kJ/kg - K)(508.3 — 293)K = 436.3 kW 


P = 700 kPa 


Air 
compressor 


P, = 100 kPa 
Tı = 20°C 
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7-83 
7-128 Steam is expanded in an adiabatic turbine. The isentropic efficiency is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the actual turbine as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


; ; : %0 (stead: = 
Ein F E out = AE system Gey =0 : _ pase 


Sv ee 
Rate of net energy transfer Rate of change in internal, kinetic, 


by heat, work, and mass potential, etc. energies 
E in 7 E out 
mh, = Wa out +mh, (since Q = Ake = Ape = 0) 
Waou = m(h, a hy) 


From the steam tables (Tables A-4 through A-6), 


P,=120 kPa 


T; =350°C | sı =6.5843 kJ/kg: K 


P, =120 kPa T 
h, = 2683.1 kJ/kg 1 
X2 =1 


P,, =120 i xa, =0.8798 rN 


Sy, =S] hy, =2413.4 kJ/kg 2s 2 
From the definition of the isentropic efficiency, S 


W, n(h, — = — 
g, = ast hh ha) hih _ 3093.3 -26831 _ 9 693 -60.3% 
W, rn(h, —hy,) hy—hy, 3093.3- 2413.4 


s,out 
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7-84 


7-129 Air is expanded by an adiabatic turbine. The isentropic efficiency is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are cp = 1.013 kJ/kg-°C and k = 1.395 (Table A-2a). 


Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 

En = Be = AE #0 (steady) =0 


Se oe 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


system 


Ein = E out 


rah, =Wa ou +h, (since Q = Ake = Ape = 0) 


W =m(h, — hy )= me, (T, - T3) 


a,out 


The isentropic exit temperature is 


(k-1)/k 0.395/1.395 
P 100 kP 
T= nf 2s ) =(327 +273 ofm) =256.9K 

P, 2000 kPa 


From the definition of the isentropic efficiency, 


Waout hh, Cpi) T-T, 600-273 


Ir = E = 5, z 


Wsout hi — has Cp(Ti-Təs) Ti-Ts 900-256.9 


P, =2 MPa 
Tı = 327°C 


P,=100 kPa 


= 0.953 = 95.3% 


7-130 R-134a is compressed by an adiabatic compressor with an isentropic efficiency of 85%. The power required is to be 


determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 


negligible. 3 The device is adiabatic and thus heat transfer is negligible. 
Analysis From the R-134a tables (Tables A-11 through A-13), 


f =20°C h, = 261.59 kJ/kg 
x=]1(sat. vap.) | sı =0.9223kI/kg-K 
P, =1000 kPa 


hy, = 273.11 kJ/kg 
Sy, = S4 =0.9223 kJ/kg : K 


The power input during isentropic process would be 


W, 


sin = M(hzs — hi) = (0.5 kg/s)(273.11 — 261.59) kJ/kg = 5.76 kW 
The power input during the actual process is 


Wym _ 5.76kW 
1c 


W. = 6.78 kW 


in 


1 MPa 


R-134a 
compressor 


20°C 
sat. vapor 
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7-131 D Refrigerant-134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a specified state with a 
specified volume flow rate, and leaves at a specified pressure. The compressor exit temperature and power input to the 
compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis (a) From the refrigerant tables (Tables A-11E through A-13E), 2 
S1 =Sg@100 kPa = 9-95183 kJ/kg : K 


P, =100 et 
Vi = 4, @100 kpa = 0.19254 m`/kg 


sat. vapor 


P, =1 MPa 
hy, = 282.51 kJ/kg 
Sos = S| 37: 
0.7 m/min 
From the isentropic efficiency relation, 1 
h,, —h 
1, = 7 > haa =h; + (ho, — h; )/ 1 „ =234.44 + (282.51 — 234.44)/0.87 = 289.69 kJ/kg 
24 1 
Thus, 
Pa, =1 MPa 


T,, =56.5°C 
hy, =289.69 kJ/kg 


(b) The mass flow rate of the refrigerant is determined from 


V,  0.7/60 m3/s 
vi 0.19254 m?/kg 


= 0.06059 kg/s 


There is only one inlet and one exit, and thus m, = m, = m. We take the actual compressor as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


: à _ 0 (steady) as 
Ein ~ Fut ~ AE, ystem =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein z Eut 
Wain +mh,=mh, (since Q = Ake = Ape = 0) 
Wain = m(h, T h) 


Substituting, the power input to the compressor becomes, 


W, in = (0.06059 kg/s)(289.69 — 234.44)kJ/kg = 3.35 kW 
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EES 
7-132 Problem 7-131 is reconsidered. The problem is to be solved by considering the kinetic energy and by 
assuming an inlet-to-exit area ratio of 1.5 for the compressor when the compressor exit pipe inside diameter is 2 cm. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from diagram window" 

{P[1] = 100 [kPa] 

P[2] = 1000 [kPa] 

Vol_dot_1 = 0.7 [m^3/min] 

Eta_c = 0.87 "Compressor adiabatic efficiency" 
A_ratio = 1.5 

d_2 = 0.02 [m]} 


"System: Control volume containing the compressor, see the diagram window. 
Property Relation: Use the real fluid properties for R134a. 

Process: Steady-state, steady-flow, adiabatic process." 

Fluid$='R134a' 

"Property Data for state 1" 

T[1]=temperature(Fluid$,P=P[1],x=1)"Real fluid equ. at the sat. vapor state" 
h[1]=enthalpy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
s[1]=entropy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 
v[1]=volume(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state" 


"Property Data for state 2" 

s_s[1]=s[1]; T_s[1]=T[1] "needed for plot" 

s_s[2]=s[1] "for the ideal, isentropic process across the compressor" 

h_s[2]=ENTHALPY (Fluid$, P=P[2], s=s_s[2])"Enthalpy 2 at the isentropic state 2s and pressure P[2]" 
T_s[2]=Temperature(Fluid$, P=P[2], s=s_s[2])" Temperature of ideal state - needed only for plot." 
"Steady-state, steady-flow conservation of mass" 

m_dot_1=m_dot_2 

m_dot_1 = Vol_dot_1/(v[1]*60) 

Vol_dot_1/v[1J=Vol_dot_2/v[2] 

Vel[2]=Vol_dot_2/(A[2]*60) 

A[2] = pi*(d_2)*2/4 

A_ratio*Vel[1]/v[1] = Vel[2]/v[2] "Mass flow rate: = A*Vel/v, A_ratio = A[1]/A[2]" 

A_ratio=A[1)/A[2] 


"Steady-state, steady-flow conservation of energy, adiabatic compressor, see diagram window" 
m_dot_1*(h[1]+(Vel[1])*2/(2*1000)) + W_dot_c= m_dot_2*(h[2]+(Vel[2])*2/(2*1000)) 


"Definition of the compressor isentropic efficiency, Eta_c=W_isen/W_act" 
Eta_c = (h_s[2]-h[1])/(h[2]-h[1]) 


"Knowing h[2], the other properties at state 2 can be found." 

v[2]=volume(Fluid$, P=P[2], h=h[2])"v[2] is found at the actual state 2, knowing P and h." 
T[2]=temperature(Fluid$, P=P[2],h=h[2])"Real fluid equ. for T at the known outlet h and P." 
s[2]=entropy(Fluid$, P=P[2], h=h[2]) "Real fluid equ. at the known outlet h and P." 
T_exit=T[2] 

"Neglecting the kinetic energies, the work is:" 

m_dot_1*h[1] + W_dot_c_noke= m_dot_2*h[2] 
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SOLUTION 

A_ratio=1.5 

d_2=0.02 [m] 

Eta_c=0.87 

Fluid$='"R134a' 
m_dot_1=0.06059 [kg/s] 
m_dot_2=0.06059 [kg/s] 
T_exit=56.51 [C] 
Vol_dot_1=0.7 [m*3 /min] 
Vol_dot_2=0.08229 [m*3 /min] 
W_dot_c=3.33 [kW] 
W_dot_c_noke=3.348 [kW] 


R134a 


100 kPa 


-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 
s [kJ/kg-K] 
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7-88 


7-133 Air enters an adiabatic compressor with an isentropic efficiency of 84% at a specified state, and leaves at a specified 
temperature. The exit pressure of air and the power input to the compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1) 
Analysis (a) From the air table (Table A-17), 2 


T, = 290 K —> h = 290.16 kJ/kg, P =1.2311 
T, =530K > hy, = 533.98 kJ/kg 

hy, 7 h 
h, z h 


From the isentropic efficiency relation n, = 


5 


a 


hs =h +n, (hy, E hi) 
= 290.16 + (0.84(533.98 — 290.16) = 495.0 kJ/kg —> P, =7.951 


Then from the isentropic relation , 


P P 
e > P, -( “2 j -( = Joo kPa) = 646 kPa 


P P P 1.2311 


n n 


(b) There is only one inlet and one exit, and thus m, = m, =m. We take the actual compressor as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


: : - : 0 (steady) _ 

Ein = Bea = AE sien =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein = Fat 
Wy in + mh, =mh, (since Q = Ake = Ape = 0) 
Wain = (h, — hy) 
where 
y 3 

PY (100 kPa)(2.4 m3/s) 
ma l= = 2.884 kg/s 


RT, (0.287 kPa-m*/kg-K)(290 K) 


Then the power input to the compressor is determined to be 


W, in = (2.884 kg/s)(533.98 — 290.16) kJ/kg = 703 kW 
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7-134 Air is compressed by an adiabatic compressor from a specified state to another specified state. The isentropic 
efficiency of the compressor and the exit temperature of air for the isentropic case are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Analysis (a) From the air table (Table A-17), 
T,=300K —>_ h = 300.19 kJ/kg, P, = 1.386 
T, =550K —>_ hh, =554.74kJ/kg 


From the isentropic relation, 


P, = P, P, = eR (1.386) = 8.754 > hy, = 508.72 kJ/kg 
2 BJ’ | 95kPa 


Then the isentropic efficiency becomes 


n.= hos —ħ _ 50872-30019 0819=81.9% 


ha -h 554.74-300.19 
(b) Ifthe process were isentropic, the exit temperature would be 


h>, = 508.72 kJ/kg —> T,, = 505.5 K 
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7-135E Argon enters an adiabatic compressor with an isentropic efficiency of 80% at a specified state, and leaves at a 
specified pressure. The exit temperature of argon and the work input to the compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties The specific heat ratio of argon is k = 1.667. The constant 
pressure specific heat of argon is cp = 0.1253 Btu/Ibm.R (Table A- 2 
2E). 


Analysis (a) The isentropic exit temperature T>, is determined from 


p (k-1)/k 200 psi 
t= rÍ a) = (550 Roe =13819R 


0.667/1.667 
20 psia 


The actual kinetic energy change during this process is 


Ake, = V2 ZVE _ (240 ft/s)’ -(60 fs)’ f _1 Btu/Ibm 
$ 2 2 25,037 ft?/s? 


| = 1.08 Btu/lbm 


The effect of kinetic energy on isentropic efficiency is very small. Therefore, we can take the kinetic energy changes for the 
actual and isentropic cases to be same in efficiency calculations. From the isentropic efficiency relation, including the effect 
of kinetic energy, 


pae (has -ħ)+Ake _ cp(Tzs -T1 )+ Ake, PS 0.1253(1381.9 — 550)+1.08 
© wa (ha —hy)+Ake Cp (Tq T, )+ Ake, “ 0,1253(T), —550)+1.08 
It yields 
To = 1592R 


(b) There is only one inlet and one exit, and thus m, = m, =m. We take the actual compressor as the system, which is a 
control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


: : ; 0 (steady) 
Ein w E out = AE system =0 
— x e, 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 


W, 


a,in 


+ m(h, +V? /2) = m(h, +V;/2) (since Q = Ape = 0) 


eee 
Wain = ic h + L = > w, 


= h, -h + Ake 


„in 


Substituting, the work input to the compressor is determined to be 


Wain = (0.1253 Btu/Ibm - R (1592 — 550)R +1.08 Btu/lbm = 131.6 Btu/lbm 
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7-136E Air is accelerated in a 85% efficient adiabatic nozzle from low velocity to a specified velocity. The exit temperature 
and pressure of the air are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Analysis From the air table (Table A-17E), 


T, =1400 R —> h; =342.90Btu/lbm, P, = 42.88 


There is only one inlet and one exit, and thus m, = m, = m . We take the nozzle as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed as 


- P = P #0 (steady) Fon 

Ein B E out = AE ;ystem =0 

s a A. 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

: AIR 
Ein = Eont ð 2 
ny = 85% 
m(h, +V? /2) = m(h, +V3/2) (since W =Q = Ape = 0) —_— 
Vz -Vi 
hy =h -2 — 


Substituting, the exit temperature of air is determined to be 


h, =342.90 kJ/kg 


(650 ft/s}? -0 l 1 Btu/lbm 


5 aS OSTA -}-3846 Btu/lbm 
037 ft7/s 


From the air table we read 
To, = 1368 R = 908°F 


From the isentropic efficiency relation 


=f __" __y 
Ty hos =h; 


hy, = h; + (Mog — hi )/1 , =342.90 + (334.46 — 342.90)/(0.85) = 332.97 Btu/lbm—> P, =38.62 


Then the exit pressure is determined from the isentropic relation to be 


P, P, P, (Fe) ; 
= > P, = P = (45 psia) = 40.5 psia 
?: 42.88 
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EES 
7-137E Problem 7-136E is reconsidered. The effect of varying the nozzle isentropic efficiency from 0.8 to 1.0 on the 
exit temperature and pressure of the air is to be investigated, and the results are to be plotted. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 
WorkFluid$ = ‘Air’ 
P[1] = 45 [psia] 
T[1] = 940 [F] 
Vel[2] = 650 [ft/s] 
Vel[1] = 0 [ft/s] 
eta_nozzle = 0.85 


"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential energy, no heat 
transfer:" 

h[1]=enthalpy(WorkFluid$, T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1], T=T[1]) 

T_s[1] = T[1] 

s[2] =s[1] 

s_s[2] = s[1] 

h_s[2]=enthalpy(WorkFluid$,T=T_s[2]) 
T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2]) 

eta_nozzle = ke[2]/ke_s[2] 

ke[1] = Vel[1]*2/2 

ke[2]=Vel[2]*2/2 

h[1]+ke[1]*convert(ft*2/s*2,Btu/Ibm) = h[2] + ke[2]*convert(ft*2/s*2,Btu/Ibm) 

h[1] +ke[1]*convert(ft*2/s*2,Btu/Ibm) = h_s[2] + ke_s[2]*convert(ft*2/s*2,Btu/Ibm) 
T[2]=temperature(WorkFluid$,h=h[2]) 

P_2_answer = P[2] 

T_2_answer = T[2] 


N nozzle P2 T2 Ts,2 
[psia] [F [F] 
0.8 40.25 907.6 899.5 
0.82 40.36 907.6 900.5 
0.84 40.47 907.6 901.4 
0.86 40.57 907.6 902.3 
0.88 40.67 907.6 903.2 
0.9 40.76 907.6 904 
0.92 40.85 907.6 904.8 
0.94 40.93 907.6 905.6 
0.96 41.01 907.6 906.3 
0.98 41.09 907.6 907 
1 41.17 907.6 907.6 
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P[2] [psia] 


T2 [F] 
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41.2 


41 


40.8 


40.6 


40.4 


40.2 


910 
909 


0.88 


Nnozzle 


908 


907 
906 


905 


904 


Ts[2] 


903 


902 
901 


900 


899 
0.8 


0.84 


0.88 


Nnozzle 


0.92 


0.96 


7-93 


7-94 


7-138 Air is expanded in an adiabatic nozzle with an isentropic efficiency of 0.96. The air velocity at the exit is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


(k-1)/k 0.4/1.4 
P 
D -1(2) = (1804273 oak) =331.0K 
300kPa 


1 300 kPa 
o Air 100 kP 
There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as ads se ea 


0 m/s eer 
the system, which is a control volume since mass crosses the boundary. The 
energy balance for this steady-flow system can be expressed in the rate form as 


: ; = : 70 (steady) = 
En ~ E out z AE system =0 
Se So 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

E in — E out 
2 2 
ve). 
m| h +— |= m| h, +— 
2 
2 2 
V V. 
2 2 
2 2 
Vz -Vi 
hy -h, = 
2 
2 2 
2 ean 
c p (T, T, ) = Ake 


The kinetic energy change for the isentropic case is 


Ake, =c, (T, -T>,) = (1.005 kJ/kg- K)(453-331)K = 122.6 kJ/kg 


The kinetic energy change for the actual process is 
Ake, =y Ake, = (0.96)(122.6 kJ/kg) = 117.7 kJ/kg 


Substituting into the energy balance and solving for the exit velocity gives 


0.5 
272 
V, = (2Ake, )°° =| 2(117.7 kJ/kg) 1000m S" |) =485 mls 
1kJ/kg 
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7-139E Air is decelerated in an adiabatic diffuser with an isentropic efficiency of 0.82. The air velocity at the exit is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer or shaft work 
associated with the process. 3 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm:R and k = 1.4 (Table A-2Ea). 
Analysis For the isentropic process of an ideal gas, the exit temperature is determined from 


P (k-1)/k 20 a 0.4/1.4 

e eee = (30 +460 R)| LE =554.2R 

P 13 
A psia 


There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as the system, which is a control volume since 
mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


i : _ Á 70 (steady) _ 
Ein ~ E out = AE system =0 
Sa ee a 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein z E out 13 psig Air ; 
30°F 20 psia 
: v? i Vy 1000 ft/s —_ 
2 2 
2 2 
V V. 
h +— =h, + 
2 2 
Vy -vř 
hy ~ hy = 2 
2 2 
2 1 
cpi -T,) = = Ake 


The kinetic energy change for the isentropic case is 


Ake, =c, (T>, —T,) = (0.240 Btu/Ibm- R)(554.2—490)R = 15.41 Btu/lbm 


The kinetic energy change for the actual process is 


Ake, =ny Ake, = (0.82)(15.41 Btu/Ibm) = 12.63 Btu/Ibm 


Substituting into the energy balance and solving for the exit velocity gives 


0.5 
25.2 
V, = (V? —2Ake,)°° =| (1000 ft/s)? — 2(12.63 Btu/Ibm) PONTIA = 606 ft/s 
1 Btu/lbm 
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Entropy Balance 


7-140E Refrigerant-134a is expanded adiabatically from a specified state to another. The entropy generation is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady-flow system can be expressed as 


Sin = Sia + S = AS 0 (steady) 


gen system 


Rate of net entropy transfer Rate of entropy Rate of change R-134a 
by heat and mass generation of entropy 100 psia > 10 psia 
4 sat. vapor 
100°F P 


mS; —MS> +S gen =0 


S E m(S> —S;) 


The properties of the refrigerant at the inlet and exit states are (Tables A-11E through A-13E) 


P, =100 psia 
sı = 0.22900 Btu/Ibm-R 

T, =100°F 
P, =10psi 

ase | S, = 0.22948 Btu/Ibm-R 
X2 =| 

Substituting, 

Seen = $7 — $1 = 0.22948 -0.22900 = 0.00048 Btullbm-R 
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7-97 
7-141 Oxygen is cooled as it flows in an insulated pipe. The rate of entropy generation in the pipe is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The pipe is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with constant specific 
heats. 


Properties The properties of oxygen at room temperature are R = 0.2598 kJ/kg-K, cp = 0.918 kJ/kg-K (Table A-2a). 


Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
pipe: 


g 5 5 = NE 0 (steady) 
Sin -S out + S gen = AS system Oxygen 
Rate of net entropy transfer Rate of entropy Rate of change 240 kPa 200 kPa 
by heat and mass generation of entropy 20°C > 18°C 
MS; —M2S2 +Soe, =0 (since Q = 0) 70 m/s 


S seni z m(S> — 51) 
The specific volume of oxygen at the inlet and the mass flow rate are 


RT, _ (0.2598kPa-m*/kg-K)(293K) 


v= =0.3172m°/kg 
P, 240 kPa 
A D°V, 12m)? 
sae AE OE 29 ase kas 
vi 4v 4(0.3172 m?/kg) 
Substituting into the entropy balance relation, 
S sen > m(S> A Sı) 
T, P. 
= ie, m- rm2) 
Tı P, 
291K 200 kPa 
= (2.496 kg/s)| (0.918 kJ/kg - K)In — (0.2598 kJ/kg: K)In 
( vsk s Kig l oh) ae] 


= 0.1025 kW/K 
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7-98 
7-142 Nitrogen is compressed by an adiabatic compressor. The entropy generation for this process is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The compressor is well-insulated so that heat loss to the surroundings is 
negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Nitrogen is an ideal gas with constant specific 
heats. 


Properties The specific heat of nitrogen at the average temperature of (25+307)/2=166°C = 439 K is cp = 1.048 kJ/kg-K 
(Table A-2b). Also, R = 0.2968 kJ/kg-K (Table A-2a). 


Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy balance on the 
compressor: 


à : ` 5 0 (steady) 
Sa 7S + S = AS ys 
in out gen system 800 kPa 
Rate of net entropy transfer Rate of entropy Rate of change 307°C 
by heat and mass generation of entropy 


mS; -M3 S3 + Sen =0 (since Q = 0) 
Be as Compressor 
S sen g m(S> —S;) P 


Substituting per unit mass of the oxygen, 


Air 


rg ty 100 kPa 
T, P, 25°C 
=c, In —- R In — 
eRT P, 
= (1.048 kJ/kg-K)In G07 +273) K — (0.2968 kJ/kg - K)In 800 kPa 
(254+273)K 100 kPa 


= 0.0807 kJ/kg -K 
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7-99 


7-143 Each member of a family of four take a 5-min shower every day. The amount of entropy generated by this family per 
year is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from 
the pipes and the mixing section are negligible and thus Q = 0. 4 Showers operate at maximum flow conditions during the 


entire shower. 5 Each member of the household takes a 5-min shower every day. 6 Water is an incompressible substance 
with constant properties at room temperature. 7 The efficiency of the electric water heater is 100%. 


Properties The density and specific heat of water at room temperature are p= 1 kg/L and c = 4.18 kJ/kg.°C (Table A-3). 


Analysis The mass flow rate of water at the shower head is 


l Mixture 
n= pV = (1kg/L)(12L/min)=12kg/min í 3 
The mass balance for the mixing chamber can be expressed in Cold Hot 
the rate form as water water 
1 2 
Min = Mout z Atitgystem ee 0 e — 


Min = Mout >m; +My, = mM; 


where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 
The rate of entropy generation during this process can be determined by applying the rate form of the entropy 
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no 


entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady- 
flow system can be expressed as 


4 i ; _ Ane #0 (steady) 
Sin a Sout + Sgen = AS system 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, + MS, — M383 + Sgen =0 (since Q = 0 and work is entropy free) 


Sgen = M3S3 — MS; — MS7 


Noting from mass balance that m, +m, =m, and sz = sı since hot water enters the system at the same temperature as the 

cold water, the rate of entropy generation is determined to be 

! : a op T, 

Sgen = M3S3 — (M +m, )s, = m (S3 — S1) = mc, i 
1 


= (12 kg/min)(4.18 KIkg Kjin = 4.495 kJ/min.K 


Noting that 4 people take a 5-min shower every day, the amount of entropy generated per year is 


Sgen = (Sgen At(No. of people)(No. of days) 
= (4.495 kJ/min.K)(5 min/person - day)(4 persons)(365 days/year) 
= 32,814kJ/K (per year) 


Discussion The value above represents the entropy generated within the water heater and the T-elbow in the absence of any 
heat losses. It does not include the entropy generated as the shower water at 42°C is discarded or cooled to the outdoor 
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55°C instead of 15°C) will 
exclude the entropy generated within the water heater. 
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7-100 


7-144 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control volume. 


The energy balance for this steady-flow system can be expressed in the rate form as Cold water | 
i : i 10°C 
= < 70 (steady) = a 
Ein Eost E AE ;ystem C 0 0.95 kg/s 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies Hot water 
x ¿ — 9 
À Ein = Eou l 85°C 
Q +mh = mh, (since Ake = Ape = 0) 1.6 kg/s l 
Qin = mc, (h —T,) 70°C 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 
On =[mc p (Tout — Tin cotd water = (0.95 kg/s)(4.18 kJ/kg.°C)(70°C — 10°C) = 238.3 kW 


Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of the hot water is 
determined to be 


PES ) 238.3 k 
Q =[mc p (Tin = Tout )lhot water = Tout = Tin — 2 =85°C pene 49.5°C 


mc, ~ 6 kg/s)(4.19 KJ/kg.°C) 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


: 2 g ; <0 (steady) 
Sin Sout + Sgen 7 NS ten 
ee 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, + M38; — MS — M384 + Soon = 9 (since Q = 0) 
MogigS| + MpotS3 — MeoidS2 — MpotS4 + Sgen = O 
Sgen = Mood (S2 — S1) + Mhot(S4 — S3) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 


. T. T, 

A 2 . 4 

Soon z Meoid© p LA + Mhot© p ne 
1 3 


a2 F 
= (0.95 kg/s(4.18K/kg K) In 77+ (1.6 kg/s)(4. 19 KJ/kg.K)In S2 


+ 273 85 + 273 


= 0.06263 kW/K 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-101 


7-145 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer, the outlet temperature 
of the air, and the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. The gas 
constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis We take the exhaust pipes as the system, which is a 
control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as Air 
; ; = : 70 (steady) = 95kPa | 
Ein F Eout = AE, seein =0 20°C O © S 
—-—~_, —— 
Rate of net transfi ing ineti 3 
byheat workandmass tet erg Tomas a’ 
Ein z Eout LI 
mh, = Quy +mhy (since Ake = Ape = 0) 
Qout = MC, (T, - Ty) Exhaust gases 


2.2 kg/s, 95°C 
Then the rate of heat transfer from the exhaust gases becomes 


Q = [mc, (Tin — Tout gas. = (2-2 kg/s)(1.1 kJ/kg.°C)X(180°C — 95°C) = 205.7 kW 
The mass flow rate of air is 


_ PỌ (95 kPa)(1.6 m°/s) 
RT (0.287 kPa.m?/kg.K)x (293 K) 


= 1.808 kg/s 


Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the air becomes 


: ; 205.7 k 
Q = lic, (Tout Ta, > Tout = Tn + 1 = 20°C + coe eae = 133.2°C 
ir mc, (1.808 kg/s)(1.005 kJ/kg.°C) 


The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance on 
the entire heat exchanger: 


: ; 2 a 0 (steady) 
Sin T Sout + Sgen = AS system 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, + M3S3 — M7Sy — M384 + Soon =0 (since Q = 0) 


m 


exhaustS1 + MairS3 — MexhaustS2 — MairS4 + Sgen =0 


Sgen = Mexhaust (S2 = Sı) + Mair (S4 z S3) 
Then the rate of entropy generation is determined to be 


; T. T, 

Seen = MexhaustCp IN + MgirC p 10 = 
gen exhaust™ p 
T, T.: 


air“ p 
3 


95 +273 133.2+273 
= (2.2 kg/s)(1.1kI/kg.K)In———— + (1.808 kg/s)(1.005 ki/kg. K)In—————— 
a sige ie a sK 04273 


= 0.091 kW/K 
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7-146 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of entropy generation 
within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 


and 2.3 kJ/kg.°C, respectively. j Oil 
Analysis (a) We take the cold water tubes as the system, which 170°C 
is a control volume. The energy balance for this steady-flow 10 kg/s 


system can be expressed in the rate form as 


> : _ 70 (steady) _ 
Ein i Eou = AE;ystem =0 
—S E SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein g E out 
Q +mh = mh, (since Ake = Ape = 0) 
Qn = mce,(T, -T)) ' 


Then the rate of heat transfer to the cold water in this heat exchanger becomes 
Q= [mp (Tout — Tin water = (4.5 kg/s)(4.18 kI/kg.°C)(70°C — 20°C) = 940.5 kW 
Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot oil is determined from 


Q= [rnc Tn —Tour lot > Tout = Tin - a = 170°C — ese a 129.1°C 
mc, (10 kg/s)(2.3 kJ/kg.°C) 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


G ; Š ; 0 (steady) 
Sin = Sout + Sgen = AS system 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS; + M35; — MS) — M354 + Sgen =0 (since Q = 0) 


MyaterS} + MoitS3 — MwaterS2 — MoiSq + ie =0 


Sgen = Mwater (S2 z Sı) + Moi (Sa a s3) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 


; T: T, 
Zu 2, . 4 
Open = Myater€ p ES + Mol p m 
1 3 


129.1+ 273 


70+ 
= (4.5 kg/s)(4.18 kJ/kg.K)In ———— 
(4.5 kg/s)( g.K) 90427 


= 0.736 kW/K 
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7-103 


7-147 Heat is lost from Refrigerant-134a as it is throttled. The exit temperature of the refrigerant and the entropy generation 
are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The properties of the refrigerant at the inlet of the device are (Table A-13) 
P, =1200 kPa | h, =108.23 kJ/kg q 
T, =40°C Ís, =0.39424 kJ/kg E Zo 

The enthalpy of the refrigerant at the exit of the device is ee =. ane 
hy = hy — doy = 108.23 — 0.5 = 107.73 kJ/kg 

Now, the properties at the exit state may be obtained from the R-134a tables 


P,=200kPa  ]T, =-10.09°C 
h, =107.73 kI/kg{ s, =0.41800 kI/kg.K 


The entropy generation associated with this process may be obtained by adding the entropy change of R-134a as it flows in 
the device and the entropy change of the surroundings. 


ASp 134, = 57 — S4 = 0.41800 — 0.39424 = 0.02375 kI/kg.K 


As. - fou __ 0.5ki/kg 
sr T (25+273)K 


surr 


Soon = AStotat = ÅSR 434a + ÅS = 0.02375 + 0.001678 = 0.02543 kJIkg.K 


ge 


= 0.001678 kJ/kg.K 
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7-104 


7-148 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy generation is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as the system. The 
rate of entropy generation within this evaporator during this process can be determined by applying the rate form of the 
entropy balance on the system. The entropy balance for this steady-flow system can be expressed as 


z ` _ ace 0 (steady) 
Sin -5S out + S gen = AS system 
—-——~_, —— 1, 

Rate of net entropy transfer Rate of entropy Rate of change Q 
by heat and mass generation of entropy 
0 R-134a —16°C 
. : in ; 7 a — 
maths a T SE 16°C sat. vapor 


w 
SE 6, 
S gen = Mp (S2 =sı)— = 

Ty 


in 


T 


w 


Sgen = MRS fg — 


The properties of the refrigerant are (Table A-11) 
hig @-6c = 210.18 kJ/kg 
S g @-16°c = 9.81729 kJ/kg -K 

The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is 
Qin = myyhip = (2500 / 3600 kg/s)(333.7 kJ/kg) = 231.7 kW 

where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is 


2; 7k 
feces STS ios 
hy 210.18 KJ/kg 


Substituting, 


. , Qin 231.7kW 
S gon = firs jy === = (1.103 kg/s)(0.81729 kJ/kg- K)- 7- = 0.0528 KWIK 
w 
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7-105 
7-149E Water and steam are mixed in a chamber that is losing heat at a specified rate. The rate of entropy generation during this 
process is to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time at any point and thus Ama = 0, AE. = 0, and AS.y= 0. 2 
There are no work interactions involved. 3 The kinetic and potential energies are negligible, ke = pe = 0. 
Analysis We take the mixing chamber as the system. This is a control volume since mass crosses the system boundary during the process. 


We note that there are two inlets and one exit. Under the stated assumptions and observations, the mass and energy balances for 
this steady-flow system can be expressed in the rate form as follows: 


Mass balance: 


: . _ . 70 (steady) _ 
Min — Mout = AM system =0 


Min = Mout >m; +M, = m3 
Energy balance: 
: z = ; 70 (steady) = 
E in E out = AE system =0 
— E S—SS ee 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


rin h, + tinyhy =h; + Qon 
Combining the mass and energy balances gives 
Qout = Tiy hy + ty hy — (rh, + rity )h; 
The desired properties at the specified states are determined from the steam tables to be 
P, =20psia | hy =hy @soop =18.07 Btu/lbm 
T, =50°F | S1 =S f@sor = 9.03609 Btu/lbm - R 


P, =20psia | h, =1162.3 Btu/lbm 

T, =240°F S =1.7406 Btu/lbm- R 

P, =20 psia h; =h f @130°F = 97.99 Btu/Ibm 

T; =130°F S3 = S f @130°F =0.18174 Btu/lbm-R 
Substituting, 


180 Btu/min = [300 x 18.07 + rh, x 1162.3 — (300 + rh, ) x97.99]Btu/min —> m, = 22.7 Ibm/min 


The rate of entropy generation during this process can be determined by applying the rate form of the entropy balance on an extended 


system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the extended system is 70°F 
= 530 R: 


; : ` Ne #0 (steady) 
Sin E Sout + S gen = AS system 
— ——Y KH— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
rs, + mS — 3S3 — = + S pen =0 
b 


Substituting, the rate of entropy generation is determined to be 


Soa = M383 3 mısı 3 MS y Qom 
b 
= (322.7 x 0.18174 — 300 x 0.03609 — 22.7 x 1.7406) Btu/min - R) a 


= 8.65 Btu/min-R 


Discussion Note that entropy is generated during this process at a rate of 8.65 Btu/min - R. This entropy generation is caused by the 
mixing of two fluid streams (an irreversible process) and the heat transfer between the mixing chamber and the surroundings through a 
finite temperature difference (another irreversible process). 
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7-150E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of entropy generation 
within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heat of water is 1.0 Btu/Ibm.°F (Table A-3E). 


The enthalpy and entropy of vaporization of water at 120°F are 1025.2 i 

Btu/lbm and St = 1.7686 Btu/lbm.R (Table A-4E). aes 

Analysis We take the tube-side of the heat exchanger where cold water is 73°F 
flowing as the system, which is a control volume. The energy balance for this 3 —=— 


steady-flow system can be expressed in the rate form as 


: = : 70 (steady) = 
Ein ~ Fut zj AE ;ystem =0 
SS 
Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 
: ; 60°F 
Ein = Eout os 

Q +mh, =mh, (since Ake = Ape = 0) Water 


Qin r mc, (T -T,) 
120° 
Then the rate of heat transfer to the cold water in this heat exchanger becomes 


Q = [rhc (Ton — Tin )Iwater = (92 Ibm/s)(1.0 Btu/Ibm.°F)(73°F — 60°F) = 1196 Btuls 


Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of condensation of the steam in 
the heat exchanger is determined from 


; ; ; 1196 Bt 
Q = (Thy, )steam = >m, oa, ES i Ibm/s 


seam ha 1025.2 Btu/Ibm 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


E s s í <0 (steady) 
Sin Sout + Sgen a AS;ystem 
eee 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


mS, + M3S3 — MS) — M484 + Sgen =O (since Q = 0) 


m 


waterS1 + Msteam$3 — MwaterS2 — MteamS4 + Soen =0 


Sgen = Myater (S2 z Sı) È Msteam(S4 z S3) 
Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


Tos 
water p Gea — Meteam$ fg 


1 


. T: 

aH 2 7 =n 

Sgen > Myater p In T, + Meteam(S f E Sg) =m 
1 


= (92 Ibm/s)(1.0 Btu/lbm.R) na — (1.167 Ibm/s)(17686 Btu/Ibm.R) 


= 0.209 Btu/s.R 
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7-107 


7-151 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the annual reduction in the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The properties of 


the milk are constant. 3 
i Hot milk 


Properties The average density and specific heat of milk can be taken on 72°C 
to be Pmik = Pwater = | kg/L and Cp, min= 3.79 kJ/kg.°C (Table A-3). 


Analysis The mass flow rate of the milk is —_— 


M milk = PV rik Q 
= (1 kg/L)(12 L/s) = 12 kg/s = 43,200 kg/h 


Taking the pasteurizing section as the system, the energy balance for this 


: 4°C 
steady-flow system can be expressed in the rate form as 3 <_ 
: . E i 70 (steady) = Se fs Cold milk 
Ein F Eout = AB stein =0 > Ein za Eou 
Aaa aah O 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin +mh = mh, (since Ake = Ape = 0) 
Q; = Maine p (T, -1 ) 
Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 
Qourrent = [TC (Tpasturization — Trefrigeration )Imitk = (12 kg/s)(3.79 KJ/kg.°C)(72 — 4)°C = 3093 KJ/s 
The proposed regenerator has an effectiveness of = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Qoaved = EQeurent = (0.82)(3093 kJ /s) = 2536 kJ /s 
Noting that the boiler has an efficiency of nboiler = 0.82, the energy savings above correspond to fuel savings of 


Quavea _ (2536kJ/s) (Itherm) 
boiler (0.82) (105,500 kJ) 


Fuel Saved = = 0.02931 therm / s 


Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $0.52/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr 
Money saved = (Fuel saved)(Unit cost of fuel) = (924,450 therm/yr\($1.04/therm) = $961,400/yr 


The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C.: 


5 x _ ae 0 (steady) - _e¢ 5 
Sin = Sout + Sgen Z AS sosten => Sgen = Sout = Sin 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction is the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


5 Qr Qyaved 2536 kJ/s 
= Sout, reduction — T = T > 184273 


surr surr 


S =8.715kW/K 


gen, reduction 


S =S At = (8.715 kJ/s.K)(8760 x 3600 s/year) = 2.75 x 108 kJ/K (per year) 


gen, reduction gen, reduction 
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7-152 Stainless steel ball bearings leaving the oven at a uniform temperature of 900°C at a rate of 1100 /min are exposed to 
air and are cooled to 850°C before they are dropped into the water for quenching. The rate of heat transfer from the ball to 
the air and the rate of entropy generation due to this heat transfer are to be determined. 


Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy changes of the 
balls are negligible. 3 The balls are at a uniform temperature at the end of the process 


Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m? and Cp = 0.480 kJ/kg.°C. 
Analysis (a) We take a single bearing ball as the system. The energy balance for this closed system can be expressed as 


Ein = E out = AE. 


system 
—— —— 
Net energy transfer Change in internal, kinetic, Furnace 
by heat, work, and mass potential, etc. energies 


Qour = AU pa = MCU, — Uy) 
Qout = me(T, -T,) 


The total amount of heat transfer from a ball is 


Steel balls, 900°C 


D? z(0.018 m)? 


m= pV = Doe = (8085 kg/m?) = 0.02469 kg 


Qout = Mc(T; — T, ) = (0.02469 kg)(0.480 kJ/kg.°C)(900 — 850)°C = 0.5925 kJ/ball 
Then the rate of heat transfer from the balls to the air becomes 
Oe = Ayan Qout (per ball = (1100 balls/min) x (0.5925 kJ/ball) = 651.8 kJ/min = 10.86 kW 


Therefore, heat is lost to the air at a rate of 10.86 kW. 


(b) We again take a single bearing ball as the system. The entropy generated during this process can be determined by 
applying an entropy balance on an extended system that includes the ball and its immediate surroundings so that the 
boundary temperature of the extended system is at 20°C at all times: 


Sin re Sout + Sey = AS 


system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
-Qon 4.5 en 7 AS, stem —? S en — Qout + as, stem 
T; 8 y! 8 T, y: 
where 
T. 850 + 273 
AS = mM(S, —S,)=mc,,, In— = (0.02469 kg)(0.480 kJ/kg.K)In ——— = -0.0005162 kJ/K 
system ( 2 1) avg T, ( g)( 8 ) 900 + 273 
Substituting, 
N Qon ; ENTE 0525K _ 9 9005162 EIK =0:001506 K/K. (per ball) 
T, 293K 


Then the rate of entropy generation becomes 


Sgen =S 


Man = (0.001506 KJ/K - ball)(1 100 balls/min) = 1.657 kJ/min.K = 0.02761 kWIK 


gen 
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7-153 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked and the amount 
of entropy generation associated with this heat transfer process are to be determined. 


Assumptions 1 The egg is spherical in shape with a radius of rọ = 2.75 cm. 2 The thermal properties of the egg are 
constant. 3 Energy absorption or release associated with any chemical and/or phase changes within the egg is negligible. 4 
There are no changes in kinetic and potential energies. 


Properties The density and specific heat of the egg are given to be p = 1020 kg/m’ and Cp = 3.32 kJ/kg.°C. 


Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg. The energy balance 
for this closed system can be expressed as 


Ein = E out = AE;ystem Boiling 
Net energy transfer Change in internal, kinetic, Water 
by heat, work, and mass potential, etc. energies 
Qn = AU sgg = m(u, = u) = mc(T, -T) 
Then the mass of the egg and the amount of heat transfer become Egg 


8°C 
7(0.055 m)° 


3 
m= pV = p= = (1020 kg/m?) = 0.0889 kg 


Qin = mc, (T —T,) = (0.0889 kg)(3.32 kI/kg.°C)(70 — 8)°C = 18.3 kJ 
We again take a single egg as the system The entropy generated during this process can be determined by applying an 


entropy balance on an extended system that includes the egg and its immediate surroundings so that the boundary 
temperature of the extended system is at 97°C at all times: 


Sin E Sout + Dick = AS 


system 
+ — 
Net entropy transfer Entropy Change 


by heat and mass generation in entropy 
Qin Qin 
T, + Sgen = AS system > Sgen = T + AS ,ystem 
where 
T; +2 
AS system = M(S2 — S1) = MCyyg In = (0.0889 kg)(3.32 kJ/kg.K) ie = 0.0588 kJ/K 
T, 8 +273 
Substituting, 
Q; 18.3 kJ 
Sen = ~~ + AS =— + 0.0588 kJ/K = 0.00934 kJ/K (pere 
gen T, system 37 0 K (p gg) 
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7-154 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of 
entropy generation associated with this heat transfer process are to be determined. 


Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 


Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m? and Cp = 0.465 kJ/kg.°C. 


Analysis (a) Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can say that a 3- 
m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in 1 minute is 


m= pV = pLA= pL(aD*/4) 
= (7833 kg/m*)(3 m)[(0.1 m)? / 4] = 184.6 kg 


We take the 3-m section of the rod in the oven as the system. The energy 
balance for this closed system can be expressed as 


E ne 4 E out = AE, system 
—rn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = AU od 7 m(u, = u) = mc(T, = T,) 


Steel rod, 30°C 


Substituting, 
Qa = mc(T, —T,) = (184.6 kg)(0.465 kJ/kg.°C)(700 — 30)°C = 57,512 kJ 


Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 


Qin = Qn /At = (57,512 KJ)/(1 min) = 57,512 kJ/min = 958.5 kW 


(b) We again take the 3-m long section of the rod as the system. The entropy generated during this process can be 
determined by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so 
that the boundary temperature of the extended system is at 900°C at all times: 


Sin E Sout + Sgen F AS system 
— —— —— — 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qin Qin 
T Sgen = AS system -> Sgen = E F AS;ystem 
where 
T. 700 +273 
AS = MS% = $1) = MC yg N— = (184.6 kg)(0.465 kJ/kg.K)ln ———— = 100.1 kJ/K 
system ( 2 1) avg T, ( g)( 8 ) 30 +273 
Substituting, 
12k. 
şs =-Sn yas a PZ og VK =51.1KJ/K 


ea o g sem ON0T OTEK 
Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes 


= Sgen = 51.1kJ/K 


Sn - = 51.1kJ/min.K = 0.85 kW/K 
At 1 min 
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7-155 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of entropy generation 
within the wall is to be determined. 


Assumptions Steady operating conditions exist since the surface temperatures of the wall remain constant at the specified 
values. 


Analysis We take the wall to be the system, which is a closed 
system. Under steady conditions, the rate form of the entropy 
balance for the wall simplifies to 


P z i _ ke 20 
Sin E Sout a S seri E AS system =0 
— (g) — 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
Qin Qout 5 — 
T, E T + S seriwall =0 
b,in b,out 
1550W 1550W . 
293K  2755Ķ\ ee 
S gen,wall = 0.346 W/K 


Therefore, the rate of entropy generation in the wall is 0.346 W/K. 


7-156 A person is standing in a room at a specified temperature. The rate of 
entropy transfer from the body with heat is to be determined. i 
Assumptions Steady operating conditions exist. Q 
Analysis Noting that Q/T represents entropy transfer with heat, the rate of 


entropy transfer from the body of the person accompanying heat transfer is ee 


é 0 _ 336 W 


transfer pms = 1.094 WIK 
T 307K 
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7-157 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The rate of entropy generation is to 
be determined in steady operation. 


Assumptions Steady operating conditions exist. 


Analysis We take the iron to be the system, which is a closed system. 
Considering that the iron experiences no change in its properties in 1000 W 
steady operation, including its entropy, the rate form of the entropy 


balance for the iron simplifies to s 
r r r a R o _—_ 
Sin a Sout + Sgen = AS system =0 —> 
—rn = —_ m 
Rate of net entropy transfer Rate of entropy Rate of change > 
by heat and mass generation of entropy 
Qout 5 = 
B + S gen iioi =0 
b,out 
Therefore, 
: Q 1000 W 
5 aii == = 1.486 W/K 
Trout 973K 


The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the iron and its immediate surroundings so that the boundary temperature of the extended system is at 
20°C at all times. It gives 


Quit. Q _ 1000W 
Thot T 293K 


surr 


S 


= 3.413 W/K 


gen,total = 


Discussion Note that only about one-third of the entropy generation occurs within the iron. The rest occurs in the air 
surrounding the iron as the temperature drops from 400°C to 20°C without serving any useful purpose. 
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7-158E A cylinder contains saturated liquid water at a specified pressure. Heat is transferred to liquid from a source and 
some liquid evaporates. The total entropy generation during this process is to be determined. 


Assumptions 1 No heat loss occurs from the water to the surroundings during the process. 2 The pressure inside the 
cylinder and thus the water temperature remains constant during the process. 3 No irreversibilities occur within the cylinder 
during the process. 


Analysis The pressure of the steam is maintained constant. Therefore, the temperature of the steam remains constant also at 


T =Teat@ao psia = 267-2°F = 727.2 R (Table A-5E) 


Taking the contents of the cylinder as the system and noting that the 
temperature of water remains constant, the entropy change of the system 
during this isothermal, internally reversible process becomes 


= Qsys,in x 600 Btu 


ac Tys  727.2R 


AS =0.8251 Btu/R 


Similarly, the entropy change of the heat source is determined from 


Q soiree oit 600 Btu 
SE T, 1000 +460 R 


source 


AS = —0.41 10 Btu/R 


Now consider a combined system that includes the cylinder and the source. Noting that no heat or mass crosses the 
boundaries of this combined system, the entropy balance for it can be expressed as 
Sin A Sout + Sgen = AS 


SS “— ——~, 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


system 


0+S = AS 


gen,total — 


+ AS 


water source 


Therefore, the total entropy generated during this process is 


S AS + AS = 0.8251- 0.4110 = 0.414 Btu/R 


gen,total 7 water source 


Discussion The entropy generation in this case is entirely due to the irreversible heat transfer through a finite temperature 
difference. We could also determine the total entropy generation by writing an energy balance on an extended system that 
includes the system and its immediate surroundings so that part of the boundary of the extended system, where heat transfer 
occurs, is at the source temperature. 
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7-159E Steam is decelerated in a diffuser from a velocity of 900 ft/s to 100 ft/s. The mass flow rate of steam and the rate of 
entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 


Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4E through A-6E) 
P =20 psia | h =1162.3 Btu/Ibm i 
T, =240°F | sı =1.7406 Btu/lbm-R Q 
h, = 1160.5 Btu/lbm 


T = 240°F 1.7141 Btu/lb R po 
s =1. m- 
sat. vapor 2 P, =20 psia T = 240°F 


v, = 16.316 ft?/lbm 


Analysis (a) The mass flow rate of the steam can be V, = 900 ft/s a -1 fê 
determined from its definition to be T E 
h = A,V, = (i f? |100 fvs)=6.129 Ibm/s 
Vy 16.316 ft” /Ibm 


(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy balance for this 
steady-flow system can be expressed in the rate form as 


š : _ à 70 (steady) e 
Ein T Eout = AE stem =0 
—_ a 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 
Ein = Eut 


m(h +V?/2)-Q 


| 
3. 
= 
> 
N 
+ 
ON 
~~ 
N 
w 
~ 
e 
B 
O 
oO 
IR 
> 
g 
© 
IR 
© 
a 


out 7 
2 72 
Qout zj ic h, + vz = | 


Substituting, the rate of heat loss from the diffuser is determined to be 


2 2 
0.5 246.109 bom 160.5 -1162.3 + 100 ls) — (900 fils) a 


57 | | = 108.42 Btu/s 

2 25,037 ft/s 

The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the diffuser and its immediate surroundings so that the boundary temperature of the extended system is 
77°F at all times. It gives 


z p š ee. 20 

Sin E Sout E Sei = AS systemi =0 

— ù 4 
Rate of net entropy transfer Rate of entropy Rate of change 

by heat and mass generation of entropy 
: . Qout 5 S 
ms, — MS, T + Sgen =0 
b,surr 


Substituting, the total rate of entropy generation during this process becomes 
108.42 Btu/s 


Qor (6.129 Ibm/s\1.7141-1.7406)Btu/lbm - R + — = = 0.0395 Btu/s-R 


S... = rh(s, — s,)+ Tsun mak 


gen 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-115 


7-160 Steam is accelerated in a nozzle from a velocity of 55 m/s to 390 m/s. The exit temperature and the rate of entropy 
generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Table A-6), 


h; =3351.6 kJ/kg 
sı = 7.1768 kJ/kg -K 


P =2.5 a 
v; = 0.13015 m?/kg 


T, = 450°C 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. We take nozzle as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


: a ~ à 70 (steady) _ 
Ein = Eut = AB em =0 
R: f transfe 
ate of net energy transfer Rate of change in internal, kinetic, = 
P;=2.5MPa Steam P= 1 MPa 


by heat, work, and mass potential, etc. energies 


Tı = 450 °C = V2 = 390 m/s 


Ein = Eout V, = 55 m/s 
m(h, +V? /2) = m(h, +VŽ/2) (since Q = W = Ape = 0) 


er 
ee erate 
Substituting,, 
2 2 
= LkI/k 
or, h, = 3351.6 kJ/kg — (390 mis)" — (55 mis)" eee = 3277.0 kJ/kg 
2 1000 m*/s 
Thus, 
P, =1 MPa T, = 405.9°C 
hy, = 3277.0 kJ/kg Í s, = 7.4855 kJ/kg : K 


The mass flow rate of steam is 


m=— AV, l x10™m? \55 m/s)= 0.2535 kg/s 


vi 0.13015 m?°/kg 
(b) Again we take the nozzle to be the system. Noting that no heat crosses the boundaries of this combined system, the 
entropy balance for it can be expressed as 


Sin F Soi + S = AS «o =0 


gen system 
——— “— ——.1.— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
Ms, —MSy + Sgen = 0 
Sgen = (sz ~ sı) 


Substituting, the rate of entropy generation during this process is determined to be 


S cen = Mi(sy — sı )= (0.2535 kg/s {7.4855 — 7.1768 kJ/kg - K = 0.07829 kWIK 


gen 
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7-161 Steam expands in a turbine from a specified state to another specified state. The rate of entropy generation during this 
process is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 


Properties From the steam tables (Tables A-4 through 6) 
P, =8 MPa | h, =3399.5 kJ/kg 
T; =500°C | s; =6.7266 kJ/kg -K 
P, =40 kPa | h, = 2636.1 kJ/kg 


sat. vapor Sy =7.6691 kJ/kg: K 
STEAM — 3 
Analysis There is only one inlet and one exit, and thus m, = m, = m. We TURBINE 
take the turbine as the system, which is a control volume since mass crosses 8.2 MW 
the boundary. The energy balance for this steady-flow system can be 
expressed in the rate form as 
À 2 5 70 (steady) 
E -E = AE =0 
in out system P, = 40 kPa 
Rate of net transf rae ineti 
thea worcaidmma” T sat. vapor 
Ein E Eont 


mh, = Qout + Wout + mh, 


Qout = m(h, z hy) -Wyt 
Substituting, 
Q, = (40,000/3600 kg/s)(3399.5 — 2636.1)kJ/kg — 8200 KJ/s = 282.6 kJ/s 


The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the turbine and its immediate surroundings so that the boundary temperature of the extended system is 
25°C at all times. It gives 


Sin Ti Sout + Sgen z AS system =0 
— (g + _—-—— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
5 . Qout 5 
mS, = MS -~ + Sgen = 0 
b,surr 


Substituting, the rate of entropy generation during this process is determined to be 


Q out 


b,surr 


282.6 kW 


S sen =s, —S,)+ = (40,000/3600 kg/s {7.6691 — 6.7266 )kJ/kg -K + > eae kWIK 


gen 
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7-162E Air is compressed steadily by a compressor. The mass flow rate of air through the compressor and the rate of 
entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 Air is an ideal gas with variable specific heats. 


Properties The gas constant of air is 0.06855 Btu/Ibm.R (Table A-1E). The inlet and exit enthalpies of air are (Table A- 
17E) 


T, =520R | h, =124.27Btu/lbm 


P =15 psia | si = 0.59173Btu/lbm- R 2 

T, =1080R } h, =260.97Btu/lbm 

P, =150 psia | s} = 0.76964Btu/lbm- R 400 hp 
r: 


Analysis (a) We take the compressor as the system, which is a control 
volume since mass crosses the boundary. The energy balance for this 


steady-flow system can be expressed in the rate form as f 
1,500 Btu/min 


- —> 


. f =~ Š 70 (steady) _ 
Ein > Eut aa AE;ystem =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eout 


W,, + m(h, +V? /2) = Qu t1i(hy +V3/2) (since Ape = 0) 
i . v2 -y2 
Win — Qouw = a(t -h ee) 


Substituting, the mass flow rate is determined to be 


.7068 Bt 1500 Btu, fts} f 1 Btu/l 
Thus, (400 ap) 2.7068 Biws ) _ 1500 Buu _ if 260,97 -124,27 + (350 His) aul 
1 hp 60s 2 25,037 ft*/s 


It yields m = 1.852 Ibm/s 


(b) Again we take the compressor to be the system. Noting that no heat or mass crosses the boundaries of this combined 
system, the entropy balance for it can be expressed as 


. . . . 0 
Sin 7 Sout + Sgen > AS yeti =0 
—— (aga 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
ris, — ris tS = 0 > S = (s, —s,)+ Qou 
1 2 gen gen 2 1 T 
b,surr b,surr 


where 


; : ri (eee P. 
AS, = (s3 — s1) = is -s — rina | 
1 


= (1.852 [0.7596 — 0.59173 — (0.06855 Btu/Ibm- R) S psia 


) = 0.0372 Btu/s-R 
psia 


Substituting, the rate of entropy generation during this process is determined to be 


Qout -0.0372 Btu/s.R + 20060 BWS _ 0.0853 Btu/s.R 


520 R 


b,surr 
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7-163 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass flow rate of cold 
water stream and the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss to the 
surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 


Properties Noting that T < Tsat @ 200 kPa = 120.21°C, the water in all three streams exists as a compressed liquid, which can be 
approximated as a saturated liquid at the given temperature. Thus from Table A-4, 


P, =200 kPa} hy =h „omc = 293.07 kJ/kg 
T,=70°C fsi =S parc =0-9551 KJ/kg: K 


© 70°C 
3.6 kg/s 


P, =200 kPa | h, = h sawe = 83.91 kJ/kg H,O rr 

T, =20°C | 82 =S pqrpr¢ = 9.2965 kJ/kg -K ree ——>@G) 
P, =200 kPa] h; =h a47 = 175.90 kJ/kg 20 

T; =42°C S3 =S farc = 0.5990 kJ/kg -K 


Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy balances for this 
steady-flow system can be expressed in the rate form as 


AO (steady) 


Mass balance: Min — Mout = AE system =0 —> m +m, =m, 
Energy balance: 
: $ BS d 70 (steady) _ 
Ein ~ E out z AE siem =0 
rai ei \ a 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Eont 


rh, + m,h, = mh, (since Q =W =Ake = Ape = 0) 


Combining the two relations gives 
mh, + mh, = (ri +m, )hs 
Solving for m, and substituting, the mass flow rate of cold water stream is determined to be 


h,—h, , _ (293.07 -175.90)kJ/kg 


m, = my 
h, —h, (175.90 — 83.91)kJ/kg 


(3.6 kg/s) = 4.586 kg/s 


Also, m, =m, +m, =3.6 + 4.586 =8.186 kg/s 


(b) Noting that the mixing chamber is adiabatic and thus there is no heat transfer to the surroundings, the entropy balance of 
the steady-flow system (the mixing chamber) can be expressed as 


é ; f ae 20 
Sin E Sout + Sgen z AS system =0 
+ —4’ t= — 

Rate of net entropy transfer Rate of entropy Rate of change 

by heat and mass generation of entropy 


rhs, + MS —ThyS; + Sgen = 0 
Substituting, the total rate of entropy generation during this process becomes 
Spon = 1383 — MS, — ms, 


gen 
(8.186 kg/s (0.5990 kJ/kg -K)— (4.586 kg/sX0.2965 kJ/kg -K)—(3.6 kg/s0.9551 kJ/kg: K) 
= 0.1054 kWIK 
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7-164 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the 
mass flow rate of the steam and the rate of entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Properties Noting that T < Tsat @ 200 kra = 120.21°C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6, 


P, = 200 kPa | hy = h ayc = 83-91 KJ/kg 


T, = 20°C S1 =Sr@0rc = 0.2965 kJ/kg - K 1200 kJ/min 
P, = 200 kPa | h, = 2769.1 kJ/kg site 
T, =150° = 7.2810 kJ/kg -K (1 —————> 
Brie 22 $ 25kgs | MIXING 
P, = 200 kPa | h; = he @eorc = 251.18 kJ/kg CHAMBER 
T, = 60°C S3 Š S fasc = 0.8313 kJ/kg -K B 200 kPa 
Analysis (a) We take the mixing chamber as the system, © 


which is a control volume. The mass and energy balances for 
this steady-flow system can be expressed in the rate form as 


; . . = . 70 (steady) _ . Ho 
Mass balance: Min — Mout = AMyy stem =0—— m +m, =m; 
Energy balance: 
- - = 5 0 (steady) = 
Ein F Bow E AE system =0 
—_ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein E E out 


myhy + Myhy = Qout + Mshz 
Combining the two relations gives Qu = Mmyhy + hh, — (m + rh, )h, = m (h, — h, ) + m, (h, — hg) 
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be 


Qut — (h; — hy) _ (1200/60kJ/s) — (2.5 kg/s (83.91 — 251.18)k 
h, — h (2769.1 -251.18)kJ/kg 


Also, m, =m + m, = 2.5 + 0.166 = 2.666 kg/s 


bee JKS _ 0,166 kgls 


(b) The rate of total entropy generation during this process is determined by applying the entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings so that the boundary temperature of the extended 
system is 25°C at all times. It gives 


: d : _ : 0 
Sin = Sout + Sgen = AS cater =0 
w RARA PETEA 

Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 

mS} + MyS> M383 out + Sgen = 0 

b,surr 


Substituting, the rate of entropy generation during this process is determined to be 


Qout 


Sgen = M383 — MS, — MS, + 
b,surr 
= (2.666 kg/s)(0.8313 kJ/kg -K)— (0.166 kg/s\7.2810 kJ/kg: K) 
— (2.5 kg/s\(0.2965 kJ/kg -K)+ (LVO OU KI 


298K 
= 0.333 kW/IK 
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7-165 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer 
and the entropy generation during this process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


H,0 Q 
— = 3 3 
T -1200c } “1 =Y rerz = 0-001060 m* kg 0.18 m 
rks u, =u... = 503.60 kJ/kg 120°C 
sat. liquid 1" F@120°C T= const, 
S1 =S gnoc = 1.5279 KJ/kg K 
T, =120°C | he =h g12c =503.81 KJ/kg 
sat. liquid | Se =S tac = 1.5279 kJ/kg -K Me 


Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


M, = Am 


Min — Mout system 


> m=m-m, 


Energy balance: 


Ein E Eou = 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = mh, + Mm,u, — myu, (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


3 
pee OE 21606 


vı 0.001060 m*/kg 


1 1 
m, =m = 5 (169.76 kg)=84.88 kg =m, 


Now we determine the final internal energy and entropy, 


18 m? 
ge Co 2 gna Mian kes 
m, 84.88 kg 
YV, -vu ay 
x, = AUF _ 0-002121 -0.001060 _ 5 001191 
vy 0.8913 — 0.001060 


T, =120°C Uy =U p + X3U y = 503.60 + (0.001191K2025.3)= 506.01 kJ/kg 
Xə =0.001191 Í S3 =S p + Xp y =1.5279 + (0.001191)5.6013)= 1.5346 kJ/kg : K 


The heat transfer during this process is determined by substituting these values into the energy balance equation, 


Qin =Mehe + Mu, — Myu; 
= (84.88 kg (503.81 kJ/kg) + (84.88 kg)(506.01 kJ/kg) — (169.76 kg \503.60 kJ/kg) 
= 222.6 kJ 


(b) The total entropy generation is determined by considering a combined system that includes the tank and the heat source. 
Noting that no heat crosses the boundaries of this combined system and no mass enters, the entropy balance for it can be 
expressed as 
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Sin z Sout + Sen =AS 


— pe Ka 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


> -M,8¢ + Sgen = AStank + AS 


system tan! source 


Therefore, the total entropy generated during this process is 


ices out 


S cen =MeSe + AS tank + AS 


gi =M,Se +(mM3S2 mısı) 


source 
source 


= (84.88 kg \(1.5279 kJ/kg - K )+ (84.88 kg {1.5346 kJ/kg - K) 


222.6 k. 
- (169.76 kg {1.5279 kJ/kg -K)- ae 
(230 + 273) K 


= 0.1237 kJ/K 


7-121 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


7-122 


7-166E An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-W paddle wheel. 
Thermal equilibrium is established after 10 min. The mass of the iron block and the entropy generated during this process 
are to be determined. 


Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energy changes are zero. 3 The system is well- 
insulated and thus there is no heat transfer. 


Properties The specific heats of water and the iron block at room temperature are Cp, water = 1.00 Btu/Ibm.°F and Cp, iron = 
0.107 Btu/Ibm.°F (Table A-3E). The density of water at room temperature is 62.1 Ibm/ft?. 


Analysis (a) We take the entire contents of the tank, water + iron block, as the system. This is a closed system since no 
mass crosses the system boundary during the process. The energy balance on the system can be expressed as 


Ein ~ Eut = AE stem 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wiwi = AU 
or, Wpw,in = AU iron T AU water 
Wpw,in = [me(T} =h Jiron +[me(T, =f ) water 
where 
Myater = PV = (62.1 Ibm/ft* (0.8 f? )= 49.7 Ibm 
. 1 Bt 
Woy = W, „At = (0.2 KJ/s)(10 x 60 s) ——— | = 113.7 Btu 
1.055 kJ 


Using specific heat values for iron and liquid water and substituting, 


113.7 Btu = m; 


iron 


=11.4 lbm 


(0.107 Btu/Ibm-° F)(75 —185)°F + (49.7 lbm)(1.00 Btu/Ibm-’ F)(75 — 70)°F 


Miron 


(b) Again we take the iron + water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this 
combined system, the entropy balance for it can be expressed as 


Sin i Sout + Sgen = AS,ystem 
Net entropy transfer RAROS Change 
by heat and mass generation in entropy 
0+ S gen,total z ASiron + AS water 
where 
R 
ASiron = MCa n) = (11.4 Ibm\0.107 Btu/Ibm Ref = 3 = -0.228 BWR 
1 


535 R 


2i- (49.6 Ibm\1.0 Btu/Ibm- R Jin = 0.466 Btu/R 
530R 


AS water = MCayg nf T 
1 


Therefore, the entropy generated during this process is 


AS Sgen = ASiron t AS = —0.228 + 0.466 = 0.238 Btu/R 


total 7 iron water 
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7-167 Liquid water is withdrawn from a rigid tank that initially contains saturated water mixture until no liquid is left in the 
tank. The quality of steam in the tank at the initial state, the amount of mass that has escaped, and the entropy generation 
during this process are to be determined. 


Assumptions 1 Kinetic and potential energy changes are zero. 2 There are no work interactions. 


Analysis (a) The properties of the steam in the tank at the final state and the properties of exiting steam are (Tables A-4 
through A-6) 
u, = 2553.1 kJ/kg 


P, = 400 kP 
2 i js = 0.46242 m3/kg 


X, = 1 (sat. vap.) 


S2 = 6.8955 kI/kg.K Water mixture 
Pae = 400kPa |h, = 604.66 kJ/kg 7.5 kg 
x, = 0 (sat. lig.) sẹ = 1.7765 kJ/kg.K poke 


The relations for the volume of the tank and the final mass in the tank are 
V =m, =(7.5kg)u, 

Vi —s (7.5 kg), 

V 0.46242 m°/kg 


The mass, energy, and entropy balances may be written as 
me =m, my 


Qin — Mehe = MU, — Mu; 


Qin 
To MeSe + S gen = MS. = MS; 
Substituting, 
m, =7.5-16.219v; (1) 
5 —(7.5-16.219v, )(604.66) = 16.219, (2553.1) —7.5u, (2) 
5 
———— — (7.5-16.219v, )(1.7765) + S sen = 16.2194; (6.8955) — 7.55 3 
500 +273 ( vi X ) gen v1 ( ) 1 ( ) 


Eq. (2) may be solved by a trial-error approach by trying different qualities at the inlet state. Or, we can use EES to solve 
the equations to find 


xı = 0.8666 
Other properties at the initial state are 
u; = 2293.2 kJ/kg 
v, = 0.40089 m3/kg 


P, = 400 kPa | 
sı = 6.2129 kI/kg.K 


x, = 0.8666 


Substituting into Eqs (1) and (3), 
(b) m, = 7.5—16.219(0.40089) = 0.998 kg 
(c) 


5 


7.5 —16.219(0.40089) (1.7765) + S,... = 16.219(0.40089)(6.8955) — 7.5(6.2129 
TA [ ( )\1.7765) + Soon ( X )-7.5( ) 


Sen = 0.00553 kJIK 
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7-124 
Special Topic: Reducing the Cost of Compressed Air 


7-168 The total installed power of compressed air systems in the US is estimated to be about 20 million horsepower. The 
amount of energy and money that will be saved per year if the energy consumed by compressors is reduced by 5 percent is 
to be determined. 


Assumptions 1 The compressors operate at full load during one-third of the time on average, and are shut down the rest of 
the time. 2 The average motor efficiency is 85 percent. 


Analysis The electrical energy consumed by compressors per year is 
Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 
= (20x 10° hp)(0.746 kW/hp)(1/3)(365x24 hours/year)/0.85 
= 5,125x10'° kWh/year 2 


Then the energy and cost savings corresponding to a 5% reduction in 
energy use for compressed air become 


Energy Savings = (Energy consumed)(Fraction saved) W=20x10° hp 
= (5.125x10'° kWh)(0.05) 


= 2.563x10° kWh/year 


Compressor 


Cost Savings = (Energy savings)(Unit cost of energy) 
= (2.563x10° kWh/year)($0.07/k Wh) 
= $0.179x10° /year 


Therefore, reducing the energy usage of compressors by 5% will save $179 million a year. 
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7-169 The compressed air requirements of a plant is being met by a 90 hp compressor that compresses air from 101.3 kPa 
to 1100 kPa. The amount of energy and money saved by reducing the pressure setting of compressed air to 750 kPa is to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 3 The 
load factor of the compressor is given to be 0.75. 4 The pressures given are absolute pressure rather than gage pressure. 


Properties The specific heat ratio of air is k = 1.4 (Table A-2). 
Analysis The electrical energy consumed by this compressor per year is 
Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 
= (90 hp)(0.746 kW/hp)(0.75)(3500 hours/year)/0.94 
= 187,420 kWh/year 


1100 kPa 


The fraction of energy saved as a result of reducing the pressure 
setting of the compressor is : W=90 hp 


(Py reduced /P, ee -1 
(P, / P, Dik = 
i OU OLS) eed 
(1100/101.3)¢4-D/14 —1 101 kPa 
= 0.2098 15°C 


. Compressor 
Power Reduction Factor = 1 


That is, reducing the pressure setting will result in about 11 percent savings from the energy consumed by the compressor 
and the associated cost. Therefore, the energy and cost savings in this case become 


Energy Savings = (Energy consumed)(Power reduction factor) 
= (187,420 kWh/year)(0.2098) 
= 39,320 kWh/year 
Cost Savings = (Energy savings)(Unit cost of energy) 
= (39,320 kWh/year)($0.085/kWh) 
= $3342/year 


Therefore, reducing the pressure setting by 250 kPa will result in annual savings of 39,320 kWh that is worth $3342 in this 
case. 


Discussion Some applications require very low pressure compressed air. In such cases the need can be met by a blower 
instead of a compressor. Considerable energy can be saved in this manner, since a blower requires a small fraction of the 
power needed by a compressor for a specified mass flow rate. 
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7-170 A 150 hp compressor in an industrial facility is housed inside the production area where the average temperature 
during operating hours is 25°C. The amounts of energy and money saved as a result of drawing cooler outside air to the 
compressor instead of using the inside air are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 
Analysis The electrical energy consumed by this compressor per year is 
Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency 
= (150 hp)(0.746 kW/hp)(0.85)(4500 hours/year)/0.9 2 
= 475,384 kWh/year 
Also, 


Cost of Energy = (Energy consumed)(Unit cost of energy) W=150 hp 
= (475,384 kWh/year)($0.07/kWh) 


= $33,277/year 


To = 10°C 


Compressor 


The fraction of energy saved as a result of drawing in cooler outside air is 


Powel Reduction Pactor a= ound pn IO AD a 
25 +273 1 


101 kPa 
25°C 


inside 


That is, drawing in air which is 15°C cooler will result in 5.03 percent savings from the energy consumed by the 
compressor and the associated cost. Therefore, the energy and cost savings in this case become 


Energy Savings = (Energy consumed)(Power reduction factor) 
= (475,384 kWh/year)(0.0503) 
= 23,929 kWh/year 
Cost Savings = (Energy savings)(Unit cost of energy) 
= (23,929 kWh/year)($0.07/kWh) 
= $1675/year 
Therefore, drawing air in from the outside will result in annual savings of 23,929 kWh, which is worth $1675 in this case. 


Discussion The price of a typical 150 hp compressor is much lower than $50,000. Therefore, it is interesting to note that the 
cost of energy a compressor uses a year may be more than the cost of the compressor itself. 


The implementation of this measure requires the installation of an ordinary sheet metal or PVC duct from the 
compressor intake to the outside. The installation cost associated with this measure is relatively low, and the pressure drop 
in the duct in most cases is negligible. About half of the manufacturing facilities we have visited, especially the newer ones, 
have the duct from the compressor intake to the outside in place, and they are already taking advantage of the savings 
associated with this measure. 
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7-171 The compressed air requirements of the facility during 60 percent of the time can be met by a 25 hp reciprocating 
compressor instead of the existing 100 hp compressor. The amounts of energy and money saved as a result of switching to 
the 25 hp compressor during 60 percent of the time are to be determined. 


Analysis Noting that 1 hp = 0.746 kW, the electrical energy consumed by each compressor per year is determined from 
(Energy consumed); arge = (Power)(Hours)[(LFXTF/) motor) Unloaded + (LFXTF/N motor) Loaded] 
= (100 hp)(0.746 kW/hp)(3800 hours/year)[0.35x0.6/0.82+0.90x0.4/0.9] 
= 185,990 kWh/year 
(Energy consumed) sma) =(Power)(Hours)[(LFXTF/ motor) Unloaded + (LFXTF/ motor) Loaded] 
= (25 hp)(0.746 kW/hp)(3800 hours/year)[0.0x0.15+0.95x0.85]/0.88 
= 65,031 kWh/year 


Therefore, the energy and cost savings in this case become 
Energy Savings = (Energy consumed) arge- (Energy consumed)smatt W=100 hp 
= 185,990 - 65,031 kWh/year 


= 120,959 kWh/year 


Compressor 


Cost Savings = (Energy savings)(Unit cost of energy) 
= (120,959 kWh/year)($0.075/k Wh) 
= $9,072/year 


Discussion Note that utilizing a small compressor during the times of reduced compressed air requirements and shutting 
down the large compressor will result in annual savings of 120,959 kWh, which is worth $9,072 in this case. 


7-172 A facility stops production for one hour every day, including weekends, for lunch break, but the 125 hp compressor 
is kept operating. If the compressor consumes 35 percent of the rated power when idling, the amounts of energy and money 
saved per year as a result of turning the compressor off during lunch break are to be determined. 


Analysis It seems like the compressor in this facility is kept on unnecessarily for one hour a day and thus 365 hours a year, 
and the idle factor is 0.35. Then the energy and cost savings associated with turning the compressor off during lunch break 
are determined to be 


Energy Savings = (Power Rating)(Turned Off Hours)(Idle Factor)/1 motor 
= (125 hp)(0.746 kW/hp)(365 hours/year)(0.35)/0.84 
= 14,182 kWh/year 


W=125 hp 
Cost Savings = (Energy savings)(Unit cost of energy) 


= (14,182 kWh/year)($0.09/kWh) 
= $1,276/year 


Compressor 


Discussion Note that the simple practice of turning the compressor off during 
lunch break will save this facility $1,276 a year in energy costs. There are also side 
benefits such as extending the life of the motor and the compressor, and reducing 1 
the maintenance costs. 
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7-173 It is determined that 25 percent of the energy input to the compressor is removed from the compressed air as heat in 
the aftercooler with a refrigeration unit whose COP is 2.5. The amounts of the energy and money saved per year as a result 
of cooling the compressed air before it enters the refrigerated dryer are to be determined. 


Assumptions The compressor operates at full load when operating. 


Analysis Noting that 25 percent of the energy input to the compressor is removed by the aftercooler, the rate of heat 
removal from the compressed air in the aftercooler under full load conditions is 


Qattercooling = (Rated Power of Compressor)(Load Factor)(A ftercooling Fraction) 
= (150 hp)(0.746 kW/hp)(1.0)(0.25) = 27.96 kW 
The compressor is said to operate at full load for 2100 hours a year, 


and the COP of the refrigeration unit is 2.5. Then the energy and cost 
savings associated with this measure become 


Qattercooling 


Energy Savings = (O hason )(Annual Operating Hours)/COP 


= (27.96 kW)(2100 hours/year)/2.5 W=150 hp 


= 23,490 kWh/year 


Compressor 


Cost Savings = (Energy savings)(Unit cost of energy saved) 
= (23,490 kWh/year)($0.095/k Wh) 
= $2232/year 


Discussion Note that the aftercooler will save this facility 23,490 kWh of electrical energy worth $2232 per year. The 
actual savings will be less than indicated above since we have not considered the power consumed by the fans and/or 
pumps of the aftercooler. However, if the heat removed by the aftercooler is utilized for some useful purpose such as space 
heating or process heating, then the actual savings will be much more. 
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7-174 The motor of a 150 hp compressor is burned out and is to be replaced by either a 93% efficient standard motor or a 
96.2% efficient high efficiency motor. The amount of energy and money the facility will save by purchasing the high- 
efficiency motor instead of standard motor are to be determined. It is also to be determined if the savings from the high 
efficiency motor justify the price differential. 


Assumptions 1 The compressor operates at full load when operating. 2 The life of the motors is 10 years. 3 There are no 
rebates involved. 4 The price of electricity remains constant. 


Analysis The energy and cost savings associated with the installation of the high efficiency motor in this case are 
determined to be 


Energy Savings = (Power Rating)(Operating Hours)(Load Factor)(1/Mstandara - 1/Netticient) 
= (150 hp)(0.746 kW/hp)(4,368 hours/year)(1.0)(1/0.930 - 1/0.962) 
= 17,483 kWh/year 

Cost Savings = (Energy savings)(Unit cost of energy) 
= (17,483 kWh/year)($0.075/kWh) 
= $1311/year 


150 hp 


Air 
a y . Compressor 
The additional cost of the energy efficient motor is 


Cost Differential = $10,942 - $9,031 = $1,911 


Discussion The money saved by the high efficiency motor will pay for this cost 
difference in $1,911/$1311 = 1.5 years, and will continue saving the facility money 
for the rest of the 10 years of its lifetime. Therefore, the use of the high efficiency 
motor is recommended in this case even in the absence of any incentives from the 
local utility company. 
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7-175 The compressor of a facility is being cooled by air in a heat-exchanger. This air is to be used to heat the facility in 
winter. The amount of money that will be saved by diverting the compressor waste heat into the facility during the heating 
season is to be determined. 


Assumptions The compressor operates at full load when operating. 


Analysis Assuming c, = 1.0 kJ/kg.°C and operation at sea level and taking the density of air to be 1.2 kg/m’, the mass flow 
rate of air through the liquid-to-air heat exchanger is determined to be 


Mass flow rate of air = (Density of air)(Average velocity)(Flow area) 
(1.2 kg/m?)(3 m/s)(1.0 m?) 
= 3.6 kg/s = 12,960 kg/h 


Noting that the temperature rise of air is 32°C, the rate at which heat can be recovered (or the rate at which heat is 
transferred to air) is 


Rate of Heat Recovery = (Mass flow rate of air)(Specific heat of air)(Temperature rise) 
= (12,960 kg/h)(1.0 kJ/kg.°C)(32°C) Hot 
= 414,720 kJ/h Compressed 


The number of operating hours of this compressor during the heating season is 


Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) ae ar NARAAAA 
= 2600 hours/year : ae == LS Sa 
Then the annual energy and cost savings become —» RRR 
Energy Savings = (Rate of Heat Recovery)(Annual Operating Hours)/Efficiency RARRERR 
= (414,720 kJ/h)(2600 hours/year)/0.8 
= 1,347,840,000 kJ/year 
= 12,776 therms/year 
Cost Savings = (Energy savings)(Unit cost of energy saved) 
= (12,776 therms/year)($1.0/therm) 
= $12,776/year 
Therefore, utilizing the waste heat from the compressor will save $12,776 per year from the heating costs. 


Discussion The implementation of this measure requires the installation of an ordinary sheet metal duct from the outlet of 
the heat exchanger into the building. The installation cost associated with this measure is relatively low. A few of the 
manufacturing facilities we have visited already have this conservation system in place. A damper is used to direct the air 
into the building in winter and to the ambient in summer. 


Combined compressor/heat-recovery systems are available in the market for both air-cooled (greater than 50 hp) 
and water cooled (greater than 125 hp) systems. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-131 


7-176 The compressed air lines in a facility are maintained at a gage pressure of 700 kPa at a location where the 
atmospheric pressure is 85.6 kPa. There is a 3-mm diameter hole on the compressed air line. The energy and money saved 
per year by sealing the hole on the compressed air line. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of air is R = 0.287 kJ/kg.K. The specific heat ratio of air is k = 1.4 (Table A-2). 


Analysis Disregarding any pressure losses and noting that the absolute pressure is the sum of the gage pressure and the 
atmospheric pressure, the work needed to compress a unit mass of air at 15°C from the atmospheric pressure of 85.6 kPa to 
700+85.6 = 785.6 kPa is determined to be 


k-1)/k 
KRT, p, ha 
w m= 

AP comp (k 7 1) P, 


_ (1.4)(0.287 kJ/kg.K)(288 K) ( 785.6 kPa ~ 7 ] 


(0.8)(1.4-1) 85.6 kPa 
=319.6 kJ/kg 
The cross-sectional area of the 5-mm diameter hole is Patm = 85.6 kPa, 15°C 
A=7D?°/4=7(3x10”° m)? /4=7.069x10% m? Air leak 


Noting that the line conditions are Ty = 298 K and 
Po = 785.6 kPa, the mass flow rate of the air leaking 


through the hole is determined to be 
Compressed air line 


1/(k-1) o 
P 700 kPa, 25°C 
Mair T Cross 2 ) o A Ke 2 Jr i 
k+1 RT, k+1 
1/(1.4-1) 
6kP f 
= (065 2 ) = : (7.069x107 m?) 
1441 (0.287 kPa.m? /kg.K)(298 K) 


2 2 
x_{(.4)(0.287 ime] AE l > os K) 
ikikg 1441 


= 0.008451 kg/s 


Then the power wasted by the leaking compressed air becomes 


Power wasted = m,,.w, = (0.00845 1 kg/s)(319.6 kJ/kg) = 2.701 kW 


air ’ comp,in 


Noting that the compressor operates 4200 hours a year and the motor efficiency is 0.93, the annual energy and cost savings 
resulting from repairing this leak are determined to be 


Energy Savings = (Power wasted)(Annual operating hours)/Motor efficiency 
= (2.701 kW)(4200 hours/year)/0.93 
= 12,200 kWh/year 
Cost Savings = (Energy savings)(Unit cost of energy) 
= (12,200 kWh/year)($0.07/kWh) 
= $854/year 
Therefore, the facility will save 12,200 kWh of electricity that is worth $854 a year when this air leak is sealed. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-132 


7-177 The total energy used to compress air in the US is estimated to be 0.5x10' kJ per year. About 20% of the 
compressed air is estimated to be lost by air leaks. The amount and cost of electricity wasted per year due to air leaks is to 
be determined. 


Assumptions About 20% of the compressed air is lost by air leaks. 2 


Analysis The electrical energy and money wasted by air leaks are 


Energy wasted = (Energy consumed)(Fraction wasted) 
= (0.5x10!° kJ)(1 kWh/3600 kJ)(0.20) 
= 27.78x10° kWh/year 


W=0.5x10'° kJ 


Compressor 


Money wasted = (Energy wasted)(Unit cost of energy) 
= (27.78x10° kWh/year)($0.07/kWh) 
= $1.945x10° /year 


1 


Therefore, air leaks are costing almost $2 billion a year in electricity costs. The environment also suffers from this because 
of the pollution associated with the generation of this much electricity. 
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Review Problems 


7-178E The source and sink temperatures and the thermal efficiency of a heat engine are given. The entropy change of the 
two reservoirs is to be calculated and it is to be determined if this engine satisfies the increase of entropy principle. 


Assumptions The heat engine operates steadily. 
Analysis According to the first law and the definition of the thermal efficiency, CE 
Qr =(-7)Qy =(1-0.4)( Btu) = 0.6 Btu 


when the thermal efficiency is 40%. The entropy change of everything (HE) 
involved in this process is then 


AS total = AS py + AS, Ge 
= Qu Qi _—lBtu 0.6Btu 


+ = 0.000431 Btu/R 
Ty T, 1300R 500R 


Since the entropy of everything has increased, this engine is possible. When the thermal efficiency of the engine is 70%, 
, =U-7)Qy =(1-0.7)C Btu) = 0.3 Btu 
The total entropy change is then 


AS total = AS y + AS, 


_Qu „Qı _ -1Btu 0.3 Btu _ 
Ty T, 1300R 500R 


—0.000169 Btu/R 


which is a decrease in the entropy of everything involved with this engine. Therefore, this engine is now impossible. 
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7-179 The source and sink temperatures and the COP of a refrigerator are given. The total entropy change of the two 
reservoirs is to be calculated and it is to be determined if this refrigerator satisfies the second law. 


Assumptions The refrigerator operates steadily. 


Analysis Combining the first law and the definition of the coefficient of 
performance produces 


1 1 
Qu = afis COP, = afisi) =1.25kJ 


when COP = 4. The entropy change of everything is then 
AS otal = AS g + AS; 


total 7 


„Qu Qr _1.25KI -1K 
T, T, 303K 253K 


= 0.000173 kJ/K 


Since the entropy increases, a refrigerator with COP = 4 is possible. When the coefficient of performance is increased to 6, 


1 1 
= = (1kJ)| 14+—|=1.167k. 
Quy aa | ( af +i) 67kJ 


and the net entropy change is 
AS total = ASH + AS; 


Qu „Qr 1167K -1K _ 
Ty T, 303K 253K 


—0.000101kJ/K 


and the refrigerator can no longer be possible. 


7-180 The operating conditions of a refrigerator are given. The rate of entropy changes of all components and the rate of 
cooling are to be calculated and it is to be determined if this refrigerator is reversible. 


Assumptions The refrigerator operates steadily. 


Analysis Applying the first law to the refrigerator below, the rate of cooling is 


Qi = Qy -Werin =14kW-10kW =4kW 


The rate of entropy change for the low-temperature reservoir, according to the 
definition of the entropy, is 


AS, = Un _ = 4KW __oo2kwik 
T, 200K 


The rate at which the entropy of the high-temperature energy reservoir is changing is 


Wret.in 


AS 4 = Qu AEW _o.035kWiK 
Ty 400K 


Since the working fluid inside the refrigerator is constantly returning to its original state, the entropy of the device does not 
change. Summing the rates at which the entropy of everything involved with this device changes, produces 


AS totat = AS y + AS, + AS device = 0.035—0.020+ 0 = 0.015 KWIK 


Hence, the increase in entropy principle is satisfied, and this refrigerator is possible, but not completely reversible. 
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7-181 R-134a is compressed in a compressor adiabatically. The minimum internal energy at the final state is to be 
determined. 


Analysis The initial state is saturated mixture and the properties are (Table A-12) 


T 
S1 =S¢@200kPa + XS fg @200kPa 
= 0.15457 + 0.85(0.78316) 
= 0.8203 kJ/kg -K 2 
For minimum internal energy at the final state, the process should be isentropic. 1 
Then, S 


S2 =S _ 08203 — 0.35404 
Sy 0.56431 
U, =U p + X,U y = 94.79 + (0.8262)(152.00) = 220.4 kJ/kg 


P, =800 kPa | xX, = = 0.8262 
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7-182 R-134a is condensed in a piston-cylinder device in an isobaric and reversible process. It is to be determined if the 
process described is possible. 


Analysis We take the R-134a as the system. This is a closed system since no mass crosses the boundaries of the system. 
The energy balance for this system can be expressed as 


Ein ~ E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Q 
Qout Wy out =AU = m(u, u) 
g Qout = Wp out $ muy = u) 
fae Qout a m(h, a hy) 
Qout 3 m(h; F hy) 
since AU + W, = AH during a constant pressure quasi-equilibrium process. T 
The initial and final state properties are (Tables A-12 and A-13) 
2 1 


P, =1000kPa ) h; = 421.36 kJ/kg 
T,=100°C Í s; =1.3124 kJ/kg -K 


P, =1000 kPa k =107.32 kJ/kg 


x, =0 s, = 0.3919 kJ/kg : K 


Substituting, 
dour = hy — hy = 421.36 — 107.32 = 314.0 kJ/kg 


The entropy change of the energy reservoir as it undergoes a reversible, isothermal process is 


Asn = oat PONIES  _ (8419 dike K 


smo po (100+273)K 


res 


where the sign of heat transfer is taken positive as the reservoir receives heat. The entropy change of R-134a during the 
process is 


The total entropy change is then, 
AS total = ÂSR134a + AS gurr = —0.9205 + 0.8419 = —0.0786 kJ/kg -K 


Since the total entropy change (i.e., entropy generation) is negative, this process is impossible. 
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7-183 Air is first compressed adiabatically and then expanded adiabatically to the initial pressure. It is to be determined if 
the air can be cooled by this process. 


Analysis From the entropy change relation of an ideal gas, 
T, P, 
ASair = Cp 102- R ln — 
1 1 
Since the initial and final pressures are the same, the equation reduces to 
ASair = Cp In— 
1 
As there are no heat transfer, the total entropy change (i.e., entropy generation) for this process is equal to the entropy 
change of air. Therefore, we must have 
T) 
ASair = Cp N— 20 
1 
The only way this result can be satisfied is if 
T, 2T, 


It is therefore impossible to create a cooling effect (T) < T,) in the manner proposed. 


7-184E Air is compressed adiabatically in a closed system. It is to be determined if this process is possible. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft’/Ibm-R, Cp = 0.240 Btu/Ibm-R, k = 1.4 (Table A- 
2Ea). 


Analysis The specific volume of air at the initial state is 


3 
E RT, _ (0.3704 psia - ft dom R)(560R) _ 10.37 ft? ibm 
P, 20 psia 


The volume at the final state will be minimum if the process is isentropic. The specific volume for this case is determined 
from the isentropic relation of an ideal gas to be 


1/k 1/1.4 
5 i 
paaa =(103783 n AE agin ibm 
a: P, 120 psia 


and the minimum volume is 
V, =mv, =(1 Ibm)(2.884 ft? /lbm) =2.88 ft? 


which is smaller than the proposed volume 3 ft*/Ibm. Hence, it is possible to compress this air into 3 ft’/Ibm. 
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7-185E A solid block is heated with saturated water vapor. The final temperature of the block and water, and the entropy 
changes of the block, water, and the entire system are to be determined. 


Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There are no work 
interactions involved. 3 There is no heat transfer between the system and the surroundings. 


Analysis (a) As the block is heated, some of the water vapor will be condensed. We will assume (will be checked later) that 
the water is a mixture of liquid and vapor at the end of the process. Based upon this assumption, the final temperature of the 
water and solid block is 212°F (The saturation temperature at 14.7 psia). The heat picked up by the block is 


Qbiock = Me(T, —T, ) = (100 Ibm)(0.5 Btu/Ibm- R)(212—70)R = 7100 Btu 


The water properties at the initial state are 


P, =14.7 psia Ara 
ca. | h, =1150.3 Btu/lbm (Table A-5E) 
= sı = 1.7566 Btu/Ibm-R 


The heat released by the water is equal to the heat picked up by the block. Also noting that the pressure of water remains 
constant, the enthalpy of water at the end of the heat exchange process is determined from 


Q water 7100 Btu 


h, =h; - = 1150.3 Btu/lbm - —— = 440.3 Btu/lbm 
10 Ibm 


w 


The state of water at the final state is saturated mixture. Thus, our initial assumption was correct. The properties of water at 
the final state are 


P, =14.7 psia 
h, = 440.3 Btu/lbm 


xy =—— = = 0.2682 
hig 970.12 


hy—hy  440.3-180.16 
S3 =S p +XpS f =0.31215 +(0.2682)(1.44441) = 0.69947 Btu/Ibm-R 


The entropy change of the water is then 


AS \ ater = My (S3 —$,) = (10 Ibm)(0.69947 — 1.7566)Btu/Ibm = -10.57 Btu/R 


water 
(b) The entropy change of the block is 


(212 + 460)R 
(70 +460)R 


T 
ASpiock = MC in = (100 Ibm)(0.5 Btu/lbm- R)In = 11.87 Btu/R 
1 


(c) The total entropy change is 


AS otal = Sgen = AS water + AS piock = 10-57 + 11.87 = 1.30 Btu/R 


water 


The positive result for the total entropy change (i.e., entropy generation) indicates that this process is possible. 
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7-186 Air is compressed in a piston-cylinder device. It is to be determined if this process is possible. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 3 The compression process is reversible. 


Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K (Table A-2a). 


Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


Ein T E out = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wo in ~ Qour = AU = m(u, —u,) 

Wy in ~ Qout = MC p(T, -T;) 

Wb in —Qour=9 (sinceT, =T) 
Qout = Wo, in 


Heat 


The work input for this isothermal, reversible process is 


P 250 kP 
W, = RT In => = (0.287 kJ/kg :K)(300 K)in 221E? - 78.89 kJ/kg 
P, 100 kPa 


That is, 
dout = Win = 78.89 kJ/kg 
The entropy change of air during this isothermal process is 


T, 250 kPa 


100 kPa 


= -0.2630 kJ/kg -K 


ASair = Cp In 


P. P 
RIn— = -R In — = -(0.287 kJ/kg -K)In 
1 P, P, 


The entropy change of the reservoir is 


89 kJ/k 
E. S E a 
Tp 300K 


Note that the sign of heat transfer is taken with respect to the reservoir. The total entropy change (i.e., entropy generation) 
is the sum of the entropy changes of air and the reservoir: 


AS total = ASair + ASR =—0.2630 + 0.2630 = 0 kJ/kg -K 


Not only this process is possible but also completely reversible. 
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7-187 A paddle wheel does work on the water contained in a rigid tank. For a zero entropy change of water, the final 
pressure in the tank, the amount of heat transfer between the tank and the surroundings, and the entropy generation during 
the process are to be determined. 


Assumptions The tank is stationary and the kinetic and potential energy changes are negligible. 
Analysis (a) Using saturated liquid properties for the compressed liquid at the initial state (Table A-4) 


T, =140°C a = 588.76 kJ/kg 


x, =0 (sat. liq.)Í sı = 1.7392 kJ/kg.K 


Water 


The entropy change of water is zero, and thus at the final state we have PE 


T, =80°C P, = 47.4 kPa 400 kPa 
Sy =S, =1.7392 kJ/kg.K | u, = 552.93 kJ/kg 


(b) The heat transfer can be determined from an energy balance on the tank 
Qout = Wpw,in — MU — Uy) = 48 kJ — (3.2 kg)(552.93 — 588.76)kJ/kg = 163 kJ 


(c) Since the entropy change of water is zero, the entropy generation is only due to the entropy increase of the surroundings, 
which is determined from 


— Qo 163kJ 
Be Sees Te ROTI 


surr 


= 0.565 kJ/K 
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7-188 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen and the other side 
containing helium. Heat is added to the nitrogen side. The final temperature of the helium, the final volume of the nitrogen, 
the heat transferred to the nitrogen, and the entropy generation during this process are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases with constant 
specific heats at room temperature. 3 The piston is adiabatic and frictionless. 


Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m’/kg.K, Cp = 1.039 kJ/kg.K, cy = 0.743 
kJ/kg.K, k = 1.4. The properties for helium are R = 2.0769 kPa.m*/kg.K, Cp = 5.1926 kJ/kg.K, cy = 3.1156 kJ/kg.K, k = 
1.667 (Table A-2). 


Analysis (a) Helium undergoes an isentropic compression process, 


and thus the final helium temperature is determined from Q 
(k-1)/k (1.667-1)/1.667 
P. 
Taa =T,| +> = (20 + z(a a 2) 
i P, 95 kPa 


=321.7 K 


(b) The initial and final volumes of the helium are 


_ mRT, _ (0.1kg)(2.0769 kPa -m?/kg- K)(20+273 K) 
P, 95 kPa 


Vite, = 0.6406 m? 


_ mRT, _ (0.1kg)(2.0769 kPa-m3/kg-K)(321.7 K) 
P, 120 kPa 


= 0.5568 m? 


Vue, 


Then, the final volume of nitrogen becomes 
Vnz2 =Yyo1 +Vye1 — Vue = 0.2 +0.6406 -0.5568 = 0.2838 mê 


(c) The mass and final temperature of nitrogen are 


PV 2m3 

mosa ls eee ) = 0.2185 kg 
RT, (0.2968 kPa: m°/kg- K)(20 +273 K) 
PV. 120 kPa)(0.2 

Rigs es (120 kPa)(0.2838 m°) meats 


mR (0.2185 kg)(0.2968 kPa-m*/kg-K) 
The heat transferred to the nitrogen is determined from an energy balance 
Qin = AU» + AU ie 
= [me, T a Tı jli + [me, T F, T; Jlis 
= (0.2185 kg)(0.743 kJ/kg.K)(525.1— 293) + (0.1 kg)(3.1156 kJ/kg.K)(321.7 — 293) 
= 46.6 kJ 


(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be 


T P> | -Qin 
Soon = AS + AS... = Myl c, In Rin + 
gen N2 surr of Pp T, P, ) Tr 
= (0.2185 kg) uoke n E _ 6.2968 kI/kg. K)In 120KPa |, _= 46.6 KI 
293 K 95 kPa (500 + 273) K 


= 0.057 kJ/K 
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7-189 An electric resistance heater is doing work on carbon dioxide contained an a rigid tank. The final temperature in the 
tank, the amount of heat transfer, and the entropy generation are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Carbon dioxide is ideal gas with constant specific 
heats at room temperature. 


Properties The properties of CO, at an anticipated average temperature of 350 K are R = 0.1889 kPa.m*/kg.K, Cp = 0.895 
kJ/kg.K, cy = 0.706 kJ/kg.K (Table A-2b). 


Analysis (a) The mass and the final temperature of CO, may be 
determined from ideal gas equation 


PV 8m? 
mal - (100 kPa)(0.8 m°) = 1.694 ke 


RT, (0.1889 kPa-m3/kg-K)(250 K) 


OPV (175 kPa)(0.8 m°) 


; = 437.5K 
mR (1.694kg)(0.1889 kPa -m*/kg -K) 


T 


(b) The amount of heat transfer may be determined from an energy balance on the system 


Qout = Es in At —mc, T, = T,) 
= (0.5 KW) (40 x 605) - (1.694 kg)(0.706 kI/kg.K)(437.5 - 250)K = 975.8 kJ 


(c) The entropy generation associated with this process may be obtained by calculating total entropy change, which is the 
sum of the entropy changes of CO, and the surroundings 


T P. 
S pen = AScoz + AS gure = M| c, In =>- RIn— + Sow 
1 P, surr 
-eak (0.995 ko Ra oa kne n O ee 
250K 100kPa | 300K 


= 3.92 kJIK 
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7-190 Heat is lost from the helium as it is throttled in a throttling valve. The exit pressure and temperature of helium and the 
entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Helium is an 
ideal gas with constant specific heats. 


Properties The properties of helium are R = 2.0769 kPa.m’/kg.K, Cit q 
5.1926 kJ/kg.K (Table A-2a). Helium 
Analysis (a) The final temperature of helium may be determined from an eae —- 


energy balance on the control volume 


1.75 kJ/kg 
5.1926 kI/kg.°C 


Gout =C p(T, -T2) —>Ty =T, -1% = 50°C =322.7K = 49.7°C 
E 
P 


The final pressure may be determined from the relation for the entropy change of helium 


T, P, 
Asp. =C, In Rin 
1 1 


22.7K P. 
o — (2.0769 kJ/kg.K)In —— 
323K 300 kPa 


0.25 kJ/kg.K = (5.1926 kJ/kg.K)In 
P, =265 kPa 


(b) The entropy generation associated with this process may be obtained by adding the entropy change of helium as it flows 
in the valve and the entropy change of the surroundings 


1.75 kJ/kg 


— 5 _ = 0.256 kJIkg.K 
(25 +273)K 


Sgen = AS ie T DS i = ASe + Sou =0.25 kJ/kg.K + 


surr 
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7-191 Refrigerant-134a is compressed in a compressor. The rate of heat loss from the compressor, the exit temperature of 
R-134a, and the rate of entropy generation are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The properties of R-134a at the inlet of the compressor are (Table A-12) 


P, = 200 kPa 


x =l 


h, = 244.46 kJ/kg s RRT 


i = 0.09987 m°/kg 
s} = 0.93773 kJ/kg.K 


The mass flow rate of the refrigerant is Compressor 


V .03 m? 
paLa _003m/s 0.3004 kg/s 


vi 0.09987 m°/kg 


R-134a 
200 kPa 
Given the entropy increase of the surroundings, the heat lost from the sat. vap. 


compressor is 


TE > Qout = Tour AS gure = (20 + 273 K) (0.008 kW/K) = 2.344 kW 


(b) An energy balance on the compressor gives 
Win = Qout =m(h — hi) 
10 kW - 2.344 kW = (0.3004 kg/s)(h, - 244.46) kJ/kg —— h, = 269.94 kJ/kg 
The exit state is now fixed. Then, 
P, =700 kPa T, =31.5°C 
h, = 269.94 kJ/kg | sə = 0.93620 kJ/kg.K 
(c) The entropy generation associated with this process may be obtained by adding the entropy change of R-134a as it flows 
in the compressor and the entropy change of the surroundings 
Suen =ASR + AS urr = (S3 — 51) + AS gur 
= (0.3004 kg/s)(0.93620 - 0.93773) kJ/kg.K + 0.008 kW/K 
= 0.00754 kJ/K 
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7-192 Air flows in an adiabatic nozzle. The isentropic efficiency, the exit velocity, and the entropy generation are to be 
determined. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 
Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 
Analysis (a) (b) Using variable specific heats, the properties can be determined from air table as follows 
h, = 400.98 kJ/kg 


T, = 400 K —> s) =1.99194 kI/kg.K ae i ee 
Pa = 3.806 300 kPa 


500 kPa 


hy = 350.49 kJ/kg 400K =— > 350K 
s? = 1.85708 kJ/kg.K S 
P kP 
P, =P] = PER (3.806) = 2.2836 —>h,, = 346.31 kJ/kg 


P, 500 kPa 


Energy balances on the control volume for the actual and isentropic processes give 


2 2 
hy + fz h race 
2 2 
2 2 
400.98 ki/kg + E0) | Boe z) = 350.49 kag + (Te | 
2 1000 m*/s 2 \1000 m*/s 
V, =319.1m/s 
V? v 
2 2 
400.98 kJ/kg + E09) í pees: z) = 34ean + (TES 
2 1000 m*/s 2 \ 1000 m*/s 


V,, = 331.8 m/s 
The isentropic efficiency is determined from its definition, 


VŽ _ (319.1m/s)* _ 


; > = 0.925 
V2 (831.8 m/s) 


1N 
(c) Since the nozzle is adiabatic, the entropy generation is equal to the entropy increase of the air as it flows in the nozzle 


P. 
Soen = ASair =s? -sl “Rin 


1 


gen 


300 kPa 
500 kPa 


= (1.85708 —1.99194)kJ/kg.K — (0.287 kJ/kg.K)In 


= 0.0118 kJ/kg.K 
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7-193 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is maintained at constant 
pressure. A valve is opened, and some steam in the tank is allowed to flow into the cylinder. The final temperatures in the 
tank and the cylinder are to be determined. 


Assumptions 1 Both the tank and cylinder are well-insulated and thus heat transfer is negligible. 2 The water that remains 
in the tank underwent a reversible adiabatic process. 3 The thermal energy stored in the tank and cylinder themselves is 
negligible. 4 The system is stationary and thus kinetic and potential energy changes are negligible. 


Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus sz = sı. From the steam tables (Tables 
A-4 through A-6), 


Vi =Vo@3s0 kPa = 0.52422 m*/kg 


P, =350 kPa 
sat.vapor | Uy =Ug@350 kPa = 2548.5 kJ/kg 
S1 = Sg@3sokpa = 6.9402 kJ/kg K 
T3 a = Tsat@200 kPa = 120.2°C 
e o i 
— pop = SRA TSI 69402-15302 _ 9 9666 
52 551 ' Si 5.5968 


(sat.mixture) | V a =V p +X 4V jy = 0.001061 + (0.9666)(0.88578 — 0.001061) = 0.85626 m>/kg 
U, 4 =U p + Xp ql py = 504.50 + (0.9666)(2024.6 kJ/kg) = 2461.5 kJ/kg 


The initial and the final masses are 


v 0.2 m? 
m,a =- ^= M — = 0.3815 kg 
i Via 0.52422 m°/kg 
OV, 02m? 


mM, = 0.2336 kg 


V24 0.85626 m°/kg 
M3 g =M; a -M3 4 = 0.3815 -0.2336 = 0.1479 kg 


(b) The boundary work done during this process is 


2 
Wb out = f PdV =P, (Vas -0)= Pam) pV B 


Taking the contents of both the tank and the cylinder to be 
the system, the energy balance for this closed system can be 
expressed as 


E in E out AE system 
— — 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


=W out =AU = (AU), + (AU), 


Wy out + (AU), + (AU), =0 


or, Pm, 3V> g + (mu, = mu, Ja + (mu, B = 0 
m, phy g +(m,u, -mu )a =0 


Thus, 


(mu, —myuy), _ (0.3815)(2548.5) - (0.2336)(2461.5) 
m, g 0.1479 


= 2685.8 kJ/kg 


h; g 


At 200 kPa, hp= 504.71 and hg = 2706.3 kJ/kg. Thus at the final state, the cylinder will contain a saturated liquid-vapor 
mixture since hy < hə < hg. Therefore, 


@200 kPa = 120.25°C 


sat 


T, g =T, 
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7-194 Helium gas is compressed in an adiabatic closed system with an isentropic efficiency of 80%. The work input and the 
final temperature are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Helium is an ideal gas. 


Properties The properties of helium are c, = 3.1156 kJ/kg-K and k = 1.667 (Table A-2b). 


Analysis Analysis We take the helium as the system. This is a closed system since no mass crosses the boundaries of the 
system. The energy balance for this system can be expressed as 


Ein i E out E AE system 
Sy 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Win =AU =m(u, —u,)=mce,(T, -T,) 


The isentropic exit temperature is 


(k-1)/k 
P. 900 kP 
T,, =17,| = (300 K) —— 
P, 100 kPa 


0.667/1.667 
) = 722.7K 


The work input during isentropic process would be 


W, in = mc, (T>, —T,) = (3 kg)(3.1156 kJ/kg - K)(722.7 — 300)K = 3950 kJ 


S, 


The work input during the actual process is 


W. = = 4938 kJ 


in 


Wein 3950 kJ 
n .80 
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7-195 R-134a undergoes a reversible, isothermal expansion in a steady-flow process. The power produced and the rate of 
heat transfer are to be determined. 


Analysis We take the steady-flow device as the system, which is a control volume since mass crosses the boundary. Noting 
that one fluid stream enters and leaves the turbine, the energy balance for this steady-flow system can be expressed in the 
rate form as 


E. n E AE #0 (steady) =0 


in out system T 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in = E out 1 2 
Qin t+ mh, =W at + mh, (since Ake = Ape = 0) 
Qin — Wout = MCh, — hy) 
The initial and final state properties are (Table A-13) s 


P, =600kPa ) h, =339.47 kJ/kg 
T, =100°C Í s, =1.1536 kJ/kg -K 


P, =200kPa } h, =343.60 kJ/kg 
T, =100°C f s, =1.2512 kJ/kg -K 


Applying the entropy definition to an isothermal process gives 


2 
Qn = rh f Tas =mT (s, —s,) = (1kg/s)(100 + 273 K)(1.2512 — 1.1536) = 36.42 kW 
1 


Substituting into energy balance equation, 


W, 


ut = Qin — (h, — h) = (36.42 KW) — (1 kg/s)(343.60 — 339.47) kJ/kg = 32.3 kW 
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7-196 The claim of an inventor that an adiabatic steady-flow device produces a specified amount of power is to be 


evaluated. 


Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 


negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 K are cp = 1.013 kJ/kg-K and k = 1.395 


(Table A-2b). 


Analysis Analysis We take the steady-flow device as the system, which is 
a control volume since mass crosses the boundary. Noting that one fluid 
stream enters and leaves the turbine, the energy balance for this steady- 
flow system can be expressed in the rate form as 

AE #0 (steady) =0 


Ej, —E 


in out system 
UA ~~ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein = È 
rh, =W, + mh, (since Q = Ake = Ape = 0) 


Wout = (h, — hy) = mc (T, - T3) 


out 


The adiabatic device would produce the maximum power if the process is 
isentropic. The isentropic exit temperature is 


(k-1)/k 0.395/1.395 
P. 100 kP 
Bes |= = (573K) 100 KPa =307.6K 
P, 900 kPa 


The maximum power this device can produce is then 


W, 


s,out 


This is greater than the power claim of the inventor, and thus the claim is valid. 


= mc , (T; —T>,) = (1kg/s)(1.013 kJ/kg - K)(573 — 307.6)K = 269 kW 


P, =900 kPa 
Tı = 300°C 


P,=100 kPa 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


7-150 


7-197 A gas is adiabatically expanded in a piston-cylinder device with a specified isentropic efficiency. It is to be 
determined if air or neon will produce more work. 


Assumptions 1 Kinetic and potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is 
negligible. 4 Air and helium are ideal gases. 


Properties The properties of air at room temperature are c, = 0.718 kJ/kg-K and k = 1.4. The properties of neon at room 
temperature are c, = 0.6179 kJ/kg:K and k = 1.667 (Table A-2a). 


Analysis We take the gas as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


E in ` E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wout = AU =m(u, u) = mc, (T, -T;,) 
Wout =mcy T a T3) 


The isentropic exit temperature is 


(k-1)/k 0.4/1.4 
P. 80 kP 
T,, =T, (> =(300+273 ef á ) =203.4K 

P, 3000 kPa 


The work output during the actual process is 
Win =C, (T, — T>,) = (0.90)(0.718 kJ/kg - K)(573 — 203.4)K = 239 kJ/kg 


Repeating the same calculations for neon, 


(k-1)/k 
P. 80 kP 
je ee =(4004 27K 
P, 3000 kPa 


0.667/1.667 
) =134.4K 


Win =1C,(T; — T>,) = (0.80)(0.6179 kJ/kg - K)(573 - 134.4)K = 217 kJ/kg 


Air will produce more work. 
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7-198 Refrigerant-134a is expanded adiabatically in a capillary tube. The rate of entropy generation is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The rate of entropy generation within the expansion device during this process can be determined by applying the 
rate form of the entropy balance on the system. Noting that the system is adiabatic and thus there is no heat transfer, the 
entropy balance for this steady-flow system can be expressed as 


5 : : _ ac 0 (steady) 
Sin = Sout + Spek T AS system 
—r (g — ė 
Rate of net entropy transfer Rate of entropy Rate of change R-134a Capillary tube 
by heat and mass generation of entropy 5 
. 50°C —. —12°C 
MS} — MaS, + Sgen = 0 sat. liq. 

Sgen = m(S> ai Sı) 
Sgen = Sy — S| 


It may be easily shown with an energy balance that the enthalpy remains constant during the throttling process. The 
properties of the refrigerant at the inlet and exit states are (Tables A-11 through A-13) 
T, = 50°C | h, =123.50 kJ/kg -K 


x, =0 sı = 0.44193 kJ/kg -K 


II 


T, = -12°C 
h, =h, =123.50 kJ/kg-K 


X, = =0.4223 
h y 207.38 


Sy =S f +X35 y =0.14504+ (0.4223)(0.79406) = 0.48038 kJ/kg: K 


hy—hy  123.50-35.92 


Substituting, 


S yen = M(S3 -S1 ) = (0.2 kg/s)(0.48038 — 0.44193) kJ/kg -K = 0.00769 kWIK 
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7-199 Air is compressed steadily by a compressor from a specified state to a specified pressure. The minimum power input 
required is to be determined for the cases of adiabatic and isothermal operation. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Air is an ideal gas with variable specific heats. 4 The process is reversible since the work input to the 
compressor will be minimum when the compression process is reversible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 
Analysis (a) For the adiabatic case, the process will be reversible and adiabatic (i.e., isentropic), thus the isentropic 
relations are applicable. 

T, = 290 K —>P, =1.2311 and h = 290.16 kJ/kg 2 2 
and 
P, Pp = 700 kPa T, =503.3K 


P. =p (1.2311) =8.6177 > 2 _ 
2 PB "100 kPa h, = 506.45 kJ/kg 


The energy balance for the compressor, which is a steady-flow system, can be 1 
expressed in the rate form as 
: = : #0 (steady) 
Ein ~ Eat z AE system PEAR =0 


—rn e—a 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wia + mh, =mh, > W,, =m(h, — hy) 
Substituting, the power input to the compressor is determined to be 
W,, = (5/60 kg/s)(506.45— 290.16)kJ/kg = 18.0 kW 


(b) In the case of the reversible isothermal process, the steady-flow energy balance becomes 


Eig = E out =z Win + mh, Ja Qout 


= mh, = Win = (one + m(h, a h)” =Q 


out 


since h = h(T) for ideal gases, and thus the enthalpy change in this case is zero. Also, for a reversible isothermal process, 


Ors = mT(s, Sy) = mT (sy sı) 
where 


s2 =s =(s3 ss} Rin? = -Rin = -(0.287 kJ/kg -K) In OF ~ -0.5585 kJ/kg -K 
T P, P, 100 kPa 


Substituting, the power input for the reversible isothermal case becomes 


Wi, = -(5/60 kg/s)(290 K)(-0.5585 kJ/kg - K) = 13.5 kW 
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7-200 Air is compressed in a two-stage ideal compressor with intercooling. For a specified mass flow rate of air, the power 
input to the compressor is to be determined, and it is to be compared to the power input to a single-stage compressor. 


Assumptions 1 The compressor operates steadily. 2 Kinetic and potential energies are negligible. 3 The compression 
process is reversible adiabatic, and thus isentropic. 4 Air is an ideal gas with constant specific heats at room temperature. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heat ratio of air is k= 1.4 (Table A- 
2). 


Analysis The intermediate pressure between the two stages is 


100 kPa 625 kPa 
27°C 


P, =4/ P,P, =./(100 kPa 625 kPa) = 250 kPa 


The compressor work across each stage is the same, thus total 
compressor work is twice the compression work for a single 
stage: 


kRT E 
Weomp,in = (2)(Weompint J= 2 =i (e, /P, jE De 1) 


~< 


Stage n) 


_  (4)(0.287 kJ/kg -K X300 K) E a ne l 
1.4-1 100 kPa 
=180.4 kJ/kg T 
and 
Win =M™Wcomp,in = (0.15 kg/s)\(180.4 kJ/kg) =27.1kW 


The work input to a single-stage compressor operating between the same pressure limits would be 


0.4/1.4 
P KRT, (e, Jp ji i)- (1.4X0.287 kJ/kg -K X300 K) (£ a) j = 207.4 kJ/kg 


somp gj 1.4-1 100 kPa 


and 


w 


=mw = (0.15 kg/s\207.4 kJ/kg)= 31.1kW 


comp,in 


Discussion Note that the power consumption of the compressor decreases significantly by using 2-stage compression with 
intercooling. 
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7-201 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted 
at the end of the first stage. The power output of the turbine is to be determined for the cases of 100% and 88% isentropic 
efficiencies. 


Assumptions 1 This is a steady-flow process since there is no 6 MPa 
change with time. 2 Kinetic and potential energy changes are 500°C 
negligible. 3 The turbine is adiabatic and thus heat transfer is 
negligible. 


STEAM 
13.5 kg/s 


Properties From the steam tables (Tables A-4 through 6) 
P,=6 mas = 3423.1 kJ/kg 


T, = 500°C | s, = 6.8826 kJ/kg: K 
P, =1.2 MPa 

h, = 2962.8 kJ / kg 
S2 =S] 

S3—-Sf 6.8826 — 0.8320 
2 me 3 = 0.8552 

i EEA Sr ae 7.0752 
S3 = Sı 


hy = hş + X3h g = 251.42 + (0.8552)(2357.5) = 2267.5 kJ/kg 
Analysis (a) The mass flow rate through the second stage is 
rh, = 0.9rn, = (0.9\(15 kg/s)=13.5 kg/s 


We take the entire turbine, including the connection part between the two stages, as the system, which is a control volume 
since mass crosses the boundary. Noting that one fluid stream enters the turbine and two fluid streams leave, the energy 
balance for this steady-flow system can be expressed in the rate form as 


2 > A E 0 (steady) Ra 
E in cout T system =0 
ira E r 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
È =È 


mh, = (m, — m; hy + Wout + mh, 


W, 


out 


= mh, — (m, — m; )h, — mh; 
= m (h — h) + m, (h, — hs) 


Substituting, the power output of the turbine is 


W, 


out 


= (15 kg/s\(3423.1-2962.8)kJ/kg + (13.5 kg (2962.8 — 2267.5)kJ/kg = 16,291 kW 
(b) Ifthe turbine has an isentropic efficiency of 88%, then the power output becomes 


W, = rW, = (0.88)(16,291 kW) = 14,336 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-155 


7-202 Steam expands in an 84% efficient two-stage adiabatic turbine from a specified state to a specified pressure. Steam is 
reheated between the stages. For a given power output, the mass flow rate of steam through the turbine is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 


Heat 


Properties From the steam tables (Tables A-4 through 6) 
P, =8 MPa n =3521.8 kJ/kg 


T; =550°C J sı = 6.8800 kJ/kg -K 
P,, =2 MPa 
hy, =3089.7 kJ/kg 
S25 =S] Stage II 
P; =2 MPa | h; =3579.0 kJ/kg 
T; =550°C | s3 = 7.5725 kJ/kg -K ) 
P,, = 200 kPa 8 MPa 200 kPa 
hy, =2901.7 kJ/kg 550°C 
S4s = 53 


Analysis The power output of the actual turbine is given to be 80 MW. Then the power output for the isentropic operation 
becomes 


W, out = Waout (Mr = (80,000 kW) /0.84 = 95,240 kW 


We take the entire turbine, excluding the reheat section, as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system in isentropic operation can be expressed in the rate form as 


? È ~~ g 0 (steady) = 
Ein E E out z AE system =0 
UU. —qwW~ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein =E out 


mh, +mh, = rh, + hhg, +W, out 
Ws ou = itl (hy —hzs) + (h; —h4s)] 
Substituting, 
95,240 kJ/s = h[(3521.8 — 3089.7)kJ/kg + (3579.0 — 2901.7)kJ/kg] 


which gives 
m = 85.8 kg/s 
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7-203 Refrigerant-134a is compressed by a 1.3-kW adiabatic compressor from a specified state to another specified state. 
The isentropic efficiency, the volume flow rate at the inlet, and the maximum flow rate at the compressor inlet are to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the R-134a tables (Tables A-11 through A-13) 


v; = 0.19841 m*/kg 


P, =100 kPa 
h, = 239.50 kJ/kg 
T, =-20°C 
s, = 0.9721 kJ/kg -K 
P, = 800 kPa 
h, = 296.81 kJ/kg 
T, = 60°C 
P, =800 kP 
? i | = 284.07 kJ/kg 
So, =S} 1 


Analysis (a) The isentropic efficiency is determined from its definition, 


jets hy, =h; _ 284.07 — 239.50 _ 0.778 =77.8% 
haa —hy 296.81- 239.50 


(b) There is only one inlet and one exit, and thus m; = m, =m. We take the actual compressor as the system, which is a 
control volume. The energy balance for this steady-flow system can be expressed as 


i z = : 0 (steady) = 
Ein i cout = AE,ystem =0 
Ern Apa \ = 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = E out 
W, in + mh, =mh, (since Q = Ake = Ape = 0) 
Wain = m(h, >i hy) 


Then the mass and volume flow rates of the refrigerant are determined to be 
Wain _ 1.3 kJ/s 

haa —h, (296.81 — 239.50 )kJ/kg 

V, = rhv, = (0.02269 kg/s)(0.19841 m3/kg}= 0.004502 m3/s=270 Limin 


m= = 0.02269 kg/s 


(c) The volume flow rate will be a maximum when the process is isentropic, and it is determined similarly from the steady- 
flow energy equation applied to the isentropic process. It gives 


Wa 1.3 KJ/s 
max ha — h (284.07 — 239.50)kJ/kg 
Y, max = max V] = (0.02917 kg/s)(0.19841 m3/kg)= 0.005788 m?/s = 347 Limin 


m = 0.02917 kg/s 


Discussion Note that the raising the isentropic efficiency of the compressor to 100% would increase the volumetric flow 
rate by more than 25%. 
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7-204 D An adiabatic compressor is powered by a direct-coupled steam turbine, which also drives a generator. The net 
power delivered to the generator and the rate of entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the steam tables (Tables A-4 through 6) and air 
table (Table A-17), 

12.5 MPa 
1MPa 500°C | 


= 295 K > h = 295.17 kJ/kg, si = 1.68515 kJ/kg -K 


T, = 620 K —> h = 628.07 kJ/kg, s = 2.44356 kJ/kg K 
P, =12.5 MPa n = 3343.6 kJ/kg 


620K 


T; = 500°C = 6.4651 kJ/kg -K 
P, =10 kPa ) hy =hy +x4hg =191.81+4 (0.92)(2392.1) = 2392.5 kJ/kg : 
x4 =0.92 Í s4 = Sp + x4S y = 0.6492 + (0.92\7.4996) = 7.5489 kJ/kg - K 
98 kPa 
Analysis There is only one inlet and one exit for either device, and thus 295K 
Min = Mout =m . We take either the turbine or the compressor as the system, 10 kPa 


which is a al volume since mass crosses the boundary. The energy balance 
for either steady-flow system can be expressed in the rate form as 
Ein-Eon = AEwytem®’ “"™ =0>Én=Ë 
——— 


system out 


— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


For the turbine and the compressor it becomes 


Compressor: Weomp,in +M Mair h; = Mirha > Weoornp; in 7 = Mair (hy = hy ) 
Turbine: Meteamls = = W urb, out + Metoam!4 > Woi" = Msteam (ht s D hy) 
Substituting, 

Weoomp.in = (10 kg/s (628.07 — 295.17)kIJ/kg = 3329 kW 


Wiurb,out = (25 kg/s (3343.6 — 2392.5)kI/kg = 23,777 kW 
Therefore, 
W =W Weompin = 23,777 — 3329 = 20,448 kW 


net,out turb,out =; comp,in 


Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is the sum of the 
entropy changes of both fluids, 


Soon = Mair (S2 a Sı) + Msteam (S4 ~ 53) 
where 


P. 1000 kP 
Mair (Sp -81 )= rh] s3 - s? —RIn— | = (10 kg/s 2.44356 -1.68515 — 0.2871n 100 Pa 
Pi 98 kP 


June -K = 0.92 kW/K 
a 


Tsteam (S4 — S3 )= (25 kg/s)(7.5489 — 6.465 1)kJ/kg -K = 27.1 kW/K 
Substituting, the total rate of entropy generation is determined to be 


Sgen total = Sgen,comp + Sgen,tur = 0-92 + 27.1 = 28.02 kKW/K 
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EES 
7-205 Problem 7-204 is reconsidered. The isentropic efficiencies for the compressor and turbine are to be 
determined, and then the effect of varying the compressor efficiency over the range 0.6 to 0.8 and the turbine efficiency 
over the range 0.7 to 0.95 on the net work for the cycle and the entropy generated for the process is to be investigated. The 
net work is to be plotted as a function of the compressor efficiency for turbine efficiencies of 0.7, 0.8, and 0.9. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data" 

m_dot_air = 10 [kg/s] "air compressor (air) data" 

T_air[1]=(295-273) "[C]" "We will input temperature in C" 

P_air[1]=98 [kPa] 

T_air[2]=(700-273) "[C]" 

P_air[2]=1000 [kPa] 

m_dot_st=25 [kg/s] "steam turbine (st) data" 

T_st[1]=500 [C] 

P_st[1]=12500 [kPa] 

P_st[2]=10 [kPa] 

x_st[2]=0.92 "quality" 

"Compressor Analysis:" 

"Conservation of mass for the compressor m_dot_air_in = m_dot_air_out =m_dot_air" 
"Conservation of energy for the compressor is:" 
E_dot_comp_in-E_dot_comp_out = DELTAE_dot_comp 
DELTAE_dot_comp = 0 "Steady flow requirement" 
E_dot_comp_in=m_dot_air*(enthalpy(air, T=T_air[1])) + W_dot_comp_in 
E_dot_comp_out=m_dot_air*(enthalpy(air, T=T_air[2])) 

"Compressor adiabatic efficiency:" 
Eta_comp=W_dot_comp_in_isen/W_dot_comp_in 
W_dot_comp_in_isen=m_dot_air*(enthalpy(air, T=T_air_isen[2])-enthalpy(air, T=T_air[1])) 
s_air[1]=entropy(air, T=T_air[1],P=P_air[1]) 

s_air[2]=entropy(air, T=T_air[2],P=P_air[2]) 

s_air_isen[2]=entropy(air, T=T_air_isen[2],P=P_air[2]) 
s_air_isen[2]=s_air[1] 

"Turbine Analysis:" 

"Conservation of mass for the turbine m_dot_st_in = m_dot_st_out =m_dot_st" 
"Conservation of energy for the turbine is:" 

E dot_turb_in- E_dot_turb_out = DELTAE_dot_turb 

DELTAE_dot_turb = 0 "Steady flow requirement" 
E_dot_turb_in=m_dot_st*h_si[1] 

h_st[1]=enthalpy(steam,T=T_st[1], P=P_st[1]) 

E dot_turb_out=m_dot_st*h_st[2]+W_dot_turb_out 
h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) 

"Turbine adiabatic efficiency:" 
Eta_turb=W_dot_turb_out/W_dot_turb_out_isen 
W_dot_turb_out_isen=m_dot_st*(h_st[1]-h_st_isen[2]) 
s_st[1]=entropy(steam,T=T_st[1],P=P_st[1]) 

h_st_isen[2]=enthalpy(steam, P=P_st[2],s=s_st[1]) 

"Note: When Eta_turb is specified as an independent variable in 

the Parametric Table, the iteration process may put the steam state 2 in the 
superheat region, where the quality is undefined. Thus, s_st[2], T_st[2] are 
calculated at P_st[2], h_st[2] and not P_st[2] and x_st[2]" 
s_st[2]=entropy(steam,P=P_st[2],h=h_st[2]) 
T_st[2]=temperature(steam,P=P_st[2], h=h_st[2]) 

s_st_isen[2]=s_st[1] 

"Net work done by the process:" 
W_dot_net=W_dot_turb_out-W_dot_comp_in 

"Entropy generation:" 

"Since both the compressor and turbine are adiabatic, and thus there is no heat transfer 
to the surroundings, the entropy generation for the two steady flow devices becomes:" 
S_dot_gen_comp=m_dot_air*( s_air[2]-s_air[1]) 
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S_dot_gen_turb=m_dot_st*(s_st[2]-s_st[1]) 


S_dot_gen_total=S_dot_gen_comp+S_dot_gen_turb 

"To generate the data for Plot Window 1, Comment out the line ' T_air[2]=(700-273) C' 
and select values for Eta_comp in the Parmetric Table, then press F3 to solve the table. 
EES then solves for the unknown value of T_air[2] for each Eta_comp." 

"To generate the data for Plot Window 2, Comment out the two lines ' x_st[2]=0.92 quality ' 
and ' h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) ' and select values for Eta_turb in the 


Parmetric Table, then press F3 to solve the table. EES then solves for the h_st[2] for each 
Eta_turb." 


Wret Sgentotal Nturb Ncomp Whet Sgentotal Nturb Ncomp 
[kW] | [kW/K] [kW] | [kW/K] 
20124 27.59 0.75 | 0.6665 19105 30 0.7327 0.6 
21745 22.51 0.8 0.6665 19462 29.51 0.7327 0.65 
23365 17.44 0.85 | 0.6665 19768 | 29.07 | 0.7327 0.7 
24985 12.36 0.9 | 0.6665 20033 | 28.67 | 0.7327 0.75 
26606 7.281 0.95 | 0.6665 20265 | 28.32 | 0.7327 0.8 


Effect of Compressor Efficiency on Net Work and Entropy Generated 
30.0 


Nturb =0-7333 


N 

© 

N 
Sgen,total [kw/K] 


28.8 
28.4 
0.60 0.65 0.70 0.75 0.80 
ncompP 


Effect of Turbine Efficiency on Net Work and Entropy Generated 
30 


Ncomp = 0.6665 


Sgen,total [kWI/k] 


10 


0.75 0.78 0.81 084 0.87 0.90 0.93 
Nturb2 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-206 The pressure in a hot water tank rises to 2 MPa, and the tank explodes. The explosion energy of the water is to be 


determined, and expressed in terms of its TNT equivalence. 


Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy changes are negligible. 


3 Heat transfer with the surroundings during explosion is negligible. 
Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 
Vi =V/@2 Mpa = 0.001177 m*/kg 
hu =U; @2 MPa = 906.12 kJ/kg 
Sı = Sf@2 Mpa = 2.4467 kJ/kg: K 


PB =2 MPa 
sat. liquid 


P, =100 a a = 417.40, Up = 2088.2 kJ/kg 


sas Sp =1.3028, Sq = 6.0562 kJ/kg: K 


S — S -= 
vy = STS „24467-13028 _ 9 1889 
Si 6.0562 


U, =U p + XU py = 417.40 + (0.1889\2088.2) = 811.83 kJ/kg 


Analysis We idealize the water tank as a closed system that undergoes a reversible adiabatic process with negligible 
changes in kinetic and potential energies. The work done during this idealized process represents the explosive energy of 


the tank, and is determined from the closed system energy balance to be 


Ein B3 E out z AE 


system 
—rn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wo out = AU = m(u, uy) 


Es = Wy out = m(u, =, uy) 
where 


3 
K Doom 6790kg 


v, 0.001177 mĉ/kg 


Substituting, 
E exp =(67.99 kg)(906.12 — 81 1.83)kJ/kg = 6410 kJ 


which is equivalent to 


mar = OK -1.972 kg TNT 
3250 kJ/kg 
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7-207 A 0.35-L canned drink explodes at a pressure of 1.2 MPa. The explosive energy of the drink is to be determined, and 
expressed in terms of its TNT equivalence. 


Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy changes are negligible. 
3 Heat transfer with the surroundings during explosion is negligible. 4 The drink can be treated as pure water. 


Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6) 


Vi =V f@12 MPa = 0.001138 m*/kg 


Ju =Uf@12 MPa = 796.96 kJ/kg 
S1 = Sf@1.2 MPa = 2-2159 kJ/kg -K 


P, = 1.2 MPa 
Comp. liquid 


P, =100 “7 = 417.40, ug = 2088.2 kJ/kg 


S2 = S] Sf =1.3028, Sý = 6.0562 kJ/kg: K 


S2=Sf 2.2159 —1.3028 
6.0562 


= 0.1508 


Xa 7 
fg 


Uy = Up + XpU y = 417.40 + (0.1508) 2088.2) = 732.26 kJ/kg 
Analysis We idealize the canned drink as a closed system that undergoes a reversible adiabatic process with negligible 


changes in kinetic and potential energies. The work done during this idealized process represents the explosive energy of 
the can, and is determined from the closed system energy balance to be 


Ein = E out = AE system 
—rn 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


— Wa out = AU = m(u, = u) 


Fs = Wy out z m(u, T uy) 


where 
0.00035 m° 
e i i 
vı 0.001138 m°/kg 
Substituting, 
E oxy = (0.3074 kg 796.96 — 732.26)kI/kg = 19.9 kJ 


which is equivalent to 


19.9 kJ 


Myr =————— = 0.00612 kg TNT 
TNT 3250 kJ/kg $ 
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7-208 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature and the work 
produced are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are cp = 1.013 kJ/kg-°C and k = 1.395 (Table A-2a). P, =2.2 MPa 


Analysis We take the turbine as the system, which is a control volume since se Nia 


mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 


= g #0 (steady) Eg 
E in ` E out = AE system =0 
——— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
È =É. P;=200 kPa 


mh =W; ou +h, (since Q = Ake = Ape = 0) 


Waou = (h; ~ hy = me, (T, -T3) 


a,out 


The isentropic exit temperature is 


0.395/1.395 
_) Sone 


(k-1)/k 
Tos = T; 6 = (300+ 273 (ee 
a 


1 


From the definition of the isentropic efficiency, 


Waout =r Ws out = rC p (T, — Ts) = (0.85)(1.013 kJ/kg - K)(573 — 290.6)K = 243.2 kJ/kg 


The actual exit temperature is then 


=333K 


i Waser 243.2 kJ/k 
Wa out = Cp (Ty —Tyq)— Tq = T, -=n - =573K ae 


Cp Cp 1.013 kJ/kg: K 


a,out 
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7-209 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature, the work 
produced, and the entropy generation are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at the anticipated average temperature of 400 
K are cp = 1.013 kJ/kg-°C and k = 1.395 (Table A-2b). Also, R = 0.287 
kJ/kg-K (Table A-2a). 


P, =2.2 MPa 
T; = 300°C 


Analysis We take the turbine as the system, which is a control volume since 
mass crosses the boundary. Noting that one fluid stream enters and leaves the 
turbine, the energy balance for this steady-flow system can be expressed in 
the rate form as 


> ` _ : #0 (steady) = 
E in ` E out oa AE system =0 
—~_~— 
Rate of net energy transfer Rate of change in internal, kinetic, E 
by heat, work, and mass potential, etc. energies P 2=200 kPa 
E in 7 E out 


mh =W, ow + mh, (since Q = Ake = Ape = 0) 


Waou = (Ch, — hy )= rhe, (T, —T>) 


a,out 


The isentropic exit temperature is 


(k-1)/k 0.395/1.395 
P 200 kP 
T,, = nf 2s ) = (300 +273 «(oe | =290.6K 
P, 2200 kPa 


From the definition of the isentropic efficiency, 


Wa,out = 7T Ws,out = rC p (T, — Tzs) = (0.90)(1.013 KJ/kg - K)(573 — 290.6)K = 257.5 kJikg 


The actual exit temperature is then 


u Wa,ou 257.5 kJ/k 
Wa,out = Cp (T Toa) Taa =T, a,out =T, a,out =573K 57.5 kJ/ 2 ~318.8K 


Cp Cp 1.013 kJ/kg : K 


The rate of entropy generation in the turbine is determined by applying the rate form of the entropy balance on the turbine: 


$ : 4 AC <0 (steady) 
S in Sout + S gen =AS system 
— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS; — MS, + Si =0 (sinceQ=0) 
Sac z m(S> T Sı) 
Seen = S2 — S} 


gen 


Then, from the entropy change relation of an ideal gas, 


T. P. 
Sgen Z S2 T S1 =Cp In— RI 2 
1 P, 
= (1.013 kJ/kg - Kyin 22S _ (0.287 kJ/kg - Kin OA 
573K 2200 kPa 


= 0.0944 kJ/kg -K 
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7-210 A throotle valve is placed in the steam line of an adiabatic turbine. The work output is to be determined with and 


without throttle valve cases. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 


negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the 


actual turbine as the system, which is a control volume since mass crosses the 
boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


: , = - #0 (steady) _ 
Ein E E out = AE system =0 
—-———_, SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in = E out 
mh, =W ou + mh, (since Q = Ake = Ape = 0) 
Wout = m(h; > hy) 


When the valve is fully open, from the steam tables (Tables A-4 through A-6), 
P, =6 MPa | h, =3178.3 kJ/kg 
T; =400°C | sı =6.5432kJ/kg-K 
P, =70 kPa x; =0.8511 
S3 = S} = 6.5432 kJ/kg -K | h, = 2319.6 kJ/kg 


Then, 


Wout = hy — hy =3178.3 — 2319.6 = 858.6 kJ/kg 


6 MPa 
400°C 


Steam 
_ turbine 


70 kPa 


The flow through the throttle valve is isenthalpic (constant entahlpy). When the valve is partially closed, from the steam 


tables (Tables A-4 through A-6), 


P, =3 MPa 
Sy =6.8427 kJ/kg: K 
hy = h, =3178.3 kJ/kg 
P, =70 kPa x3 = 0.8988 
S3 = S, = 6.8427 kJ/kg - K Í h, = 2428.4 kJ/kg 


Then, 


Wout = hy — hy =3178.3 — 2428.4 = 749.9 kJikg 
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7-211 Oxygen tanks are filled by an isentropic compressor. The work required by the compressor and the heat transfer from 
the tanksa re to be determined. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with constant specific 
heats. 


Properties The properties of oxygen at room temperature are R = 0.2598 kPa-m*/kg-K, Cp = 0.918 kJ/kg-K, cy = 0.658 
kJ/kg-K, k = 1.395 (Table A-2a). 


Analysis As the tank is being filled, the pressure in the tank increases as time passes, but the temperature does not. In the 
line between the compressor and tank, the pressure always matches that in the compressor, and as a result, the temperature 
changes in this line with time. Applying the isentropic process relations to the compressor yields the temperature in this line 


as 
k-1)/k 
P, (k-1) 
T, =T, = 
P, 


Reducing the mass balance to the conditions of the tank gives 


dma B 
dt in 
but 
Mey = Ee 
RT 


Combining these two results produces 


_d(PV/RT)_ V dP 
oa at RT dt 


where the last step incorporates the fact that the tank volume and temperature do not change as time passes. The mass in the 
tank at the end of the compression is 


_ Pana” _ (13,000 kPa)(1 m°) 
RT (0.2598 kPa - m*/kg - K)(293 K) 


M final 8 kg 


Adapting the first law to the tank produces 


~ d(mu) . dm f 
= m. h. =c, T — -c Tm. 
Q dt in'“in v dt p^`2 “in 

dm p\®* y aP 

=c, T — -cT — —— 

dt P, RT dt 


Integrating this result from the beginning of the compression to the end of compression yields 


f 1 (k-1)/k v f 

= (k-l)/k 

Qin =c,Tfam-en| 2] aka dP 
l 


i 


i (k-1)/k 7 k 
=c,Tm; -c T| — —| —— Pp; 
P, RT \2k-1 


=c, Im; -—c,T ff aa k m 
vO FoP p 2k-1) f 


a 1.395 
150 2(1.395) -1 


= (0.658)(293)(170.8) — 021829 Jars 


= -93,720 kJ 
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The negative sign indicates that heat is lost from the tank. Adopting the first law to the compressor and tank as the system 
gives 


Recognizing that the enthalpy of the oxygen entering the compressor remains constant, this results integrates to 
or 


Win =—-Qin —m phy +m pu, 
= -Qin =m f (cT -c,T¢) 

=Qin -mp (cp -=c )T 
= 93,720 — (170.8)(0.918 — 0.658) x 293 
~ 80,710 kJ 
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7-212 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the entropy generated during this process are to be determined. 


Assumptions 1 Tank A is insulated, and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 


Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus sz = sı. From the steam tables (Tables 
A-4 through A-6), 


Tank A: 
P =400 kPa “14 TY tAn = 0.001084 + (0.6)(0.46242 — 0.001084) = 0.27788 m? /kg 
; Uy a =U p +XyU g = 604.22 + (0.6)(1948.9)= 1773.6 kJ/kg 
x, =0.6 LASTS TAg 
i Sia =Sf +X1S j =1.7765 + (0.6)(5.1191) = 4.8479 kJ/kg- K 
Ts a =Tsat@200 kPa = 120.2°C 
P, =200 KPa | y, = SaaS _ 4.8479-1.5302 _ cor 


S =S} ; S fg 5.59680 
(sat. mixture) | v, 4 = Vp +X AV fq = 0.001061 + (0.5928 0.8858 — 0.001061) = 0.52552 m*/kg 
Uy 4 =U p +X aU g = 504.50 +(0.5928)(2024.6 kJ/kg) = 1704.7 kJ/kg 


Tank B: 
300 kJ 
Vi g =1.1989 m?/kg 
P, =200kPa]| ? 
Rie U; g = 2731.4 kJ/kg 
l S, gp = 7.7100 kJ/kg-K A B 
steam i steam 
The initial and the final masses in tank A are V= 0.3 m? m=2kg 
P = 400 kPa T = 250°C 
3 
maa= Va = 0.3 m = 1.080 kg x= 0.6 P=200 kPa 
“Via 0.27788 m3/kg 
and 
V 0.3 m° 
m, a =—4 = = = 0.5709 kg 


Yo, 0.52552 m3/kg 

Thus, 1.080 - 0.5709 = 0.5091 kg of mass flows into tank B. Then, 
M, g =M; g +0.5091= 240.5091 = 2.509 kg 

The final specific volume of steam in tank B is determined from 


Va (m%)_ _ (2 kg)i.1989 m3 kg] 


= 0.9558 m3/kg 
MB MB 2.509 kg 


We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary 
closed system can be expressed as 


E in E out z system 
—S— m KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-Qot = AU =(AU),+(AU), (since W = KE= PE=0) 
-Qou = (Mu, -mu )4 +(m,u, -mu )g 
Substituting, 
-300 = {(0.5709\(1704.7)—(1.080)(1773.6)} + {(2.509)uz g — (2X2731.4)} 
Uy g = 2433.3 kJ/kg 
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Thus, 


Va p =0.9558m*/kg| T, g =116.1°C 
Uy g = 2433.3 kJ/kg | 52,8 = 6-9156 kJ/kg- K 


(b) The total entropy generation during this process is determined by applying the entropy balance on an extended system 
that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 
Sin T S out + S seit =AS system 
= 


sm r= 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


= Qout 


b,surr 


+ Sen = ASA +ASpg 


Rearranging and substituting, the total entropy generated during this process is determined to be 


Qout_ _ (m,s, -—ms,), +(ms. -ms;)p + 


b,surr b,surr 


= {(0.5709)(4.8479)—(1.080)(4.8479)} + {(2.509\(6.9156)—(2\(7.7100)} + 


out 


S cen =AS 4 + ASB + 


300 kJ 
290 K 


= 0.498 kJIK 
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7-213 Heat is transferred steadily to boiling water in a pan through its bottom. The rate of entropy generation within the 
bottom plate is to be determined. 


Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 


Analysis We take the bottom of the pan to be the system, 


which is a closed system. Under steady conditions, the rate form of the 
entropy balance for this system can be expressed as 


aie . a oe 104°C 
Sin E S out + Sson = AS system =0 
ee —— —— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 500 W 
Qin Qot 6 -0 105°C 
T 7 Bc gen,system ~~ 
b,in b,out 
500 W 500 W : 
=0 > S = 0.00351 W/K 


gen,system 


= eT tt 
378 K; 37TIK. eee 


Discussion Note that there is a small temperature drop across the bottom of the pan, and thus a small amount of entropy 
generation. 


7-214 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature and the entropy generated during this process are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg:°C (Table A-3). 


Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 


En =~ E out = AE system 
y =a ie: 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein E (AU) water 


Wein At = mc(T, -T,) 


water 
Substituting, 
(1200 J/s)At = (40 kg)(4180 J/kg-°C)(50 - 20)°C 


Solving for At gives 
At = 4180 s = 69.7 min = 1.16h 


Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 


Sin Z Sout + Scen =AS 


— ue SS 
Net entropy transfer Entropy Change 
byheatandmass generation in entropy 


0+ Soon = AS 


system 


water 
Therefore, the entropy generated during this process is 


T. 23K 
= mc In = (40 kg\4.18 kJ/kg-K)In 323K = 16.3kJ/K 
T, 293 K 


1 


S sen = AS 


gen water 
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7-215 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 
rates of the extracted steam to the feedwater and entropy generation per unit mass of feedwater are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the device to the surroundings is negligible. 


Properties The properties of steam and feedwater are (Tables A-4 through A-6) 


P, =1 MPa | h, = 2828.3 kJ/kg © 
T; =200°C | sı = 6.6956 kJ/kg: K Steam ý 1 MPa 
h, =h 762.51 kJ/k oe AoE 
P,=1MPa) ?  f@ MPa 5 Ba aE a ane Feedwater 
S2 =S =: : a 
sat. liquid A RONNE E © 
T, =179.88°C 2.5 
MPa 
P, =2.5MPa) h; = h @so°c = 209.34 kJ/kg 
T} = 50°C S3 =Sr@sorc = 0.7038 kJ/kg: K 
OBa 
P, =2.5 MPa hy = h saic =719.08 kJ/kg 
T, =T, -10°C =170°C | $4 ŽS pq@iqrc 720417 kJ/kg:K y 
Analysis (a) We take the heat exchanger as the system, which is a Q) 
control volume. The mass and energy balances for this steady-flow sat. liquid 
system can be expressed in the rate form as follows: 
Mass balance (for each fluid stream): 
fin = Mout = AThsysem | C =O Thin = Mou > M = tig = Th, and My = My = py 


Energy balance (for the heat exchanger): 


: š = iu 70 (steady) Pi 
Ein p Eut = AE system =0 
Nia 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 

Ein = Fey 


Combining the two, mh, (hy -h )= r w (h; —hy) 
Dividing by m,, and substituting, 


m, _hą—h, _ (719.08— 209.34) kJ/kg _ 


- 0.247 
mw hyh, (2828.3- 762.51) kJ/kg 


(b) The total entropy change (or entropy generation) during this process per unit mass of feedwater can be determined from 
an entropy balance expressed in the rate form as 


š $ x e: vo 
Sin a Sout + Den =AS system =0 
— 

Rate of net entropy transfer Rate of entropy Rate of change 

by heat and mass generation of entropy 


MS; —M3S3 +M3S3 — M4S4 +S en =0 
ms (S1 =S2) +M fw (S3 =s4)+ Sgen =0 
S en I 
en _ Ms (s, ~5,)+(s4 -s3 )= (0.247)(2.1381 — 6.6956) + (2.0417 —0.7038) 
Mw Mw 

= 0.213 kJ/K per kg of feedwater 
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EES 
7-216 Problem 7-215 is reconsidered. The effect of the state of the steam at the inlet to the feedwater heater is to be 
investigated. The entropy of the extraction steam is assumed to be constant at the value for 1 MPa, 200°C, and the 
extraction steam pressure is to be varied from 1 MPa to 100 kPa. Both the ratio of the mass flow rates of the extracted 
steam and the feedwater heater and the total entropy change for this process per unit mass of the feedwater are to be plotted 
as functions of the extraction pressure. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Knowns:" 

WorkFluid$ = 'Steam_iapws' 

"P[3] = 1000 [kPa]" "place {} around P[3] and T[3] eqations to solve the table" 
T[3] = 200 [C] 

P[4] = P[3] 

x[4]=0 
T[4]=temperature(WorkFluid$,P=P[4],x=x[4]) 
P[1] = 2500 [kPa] 

T[1] = 50 [C] 

P[2] = 2500 [kPa] 

T[2] = T[4] - 10"[C]" 


"Since we don't know the mass flow rates and we want to determine the ratio of mass flow rate of the extracted 
steam and the feedwater, we can assume the mass flow rate of the feedwater is 1 kg/s without loss of generality. 
We write the conservation of energy." 

"Conservation of mass for the steam extracted from the turbine: " 

m_dot_steam[3]= m_dot_steam[4] 


"Conservation of mass for the condensate flowing through the feedwater heater:" 
m_dot_fw[1] = 1 
m_dot_fw[2]= m_dot_fw[1] 


"Conservation of Energy - SSSF energy balance for the feedwater heater -- neglecting the change in potential 
energy, no heat transfer, no work:" 

h[3]=enthalpy(WorkFluid$,P=P[3], T=T[3]) 

"To solve the table, place {} around s[3] and remove them from the 2nd and 3rd equations" 
s[3]=entropy(WorkFluid$,P=P[3], T=T[3]) 

{s[3] =6.693 [kJ/kg-K] "This s[3] is for the initial T[3], P[3]" 
T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) "Use this equation for T[3] only when s[3] is given."} 
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4]) 

s[4]=entropy(WorkFluid$,P=P[4],x=x[4]) 

h[1]=enthalpy(WorkFluid$,P=P[1], T=T[1]) 

s[1]=entropy(WorkFluid$,P=P[1], T=T[1]) 

h[2]=enthalpy(WorkFluid$,P=P[2], T=T[2]) 

s[2]=entropy(WorkFluid$,P=P[2], T=T[2]) 


"For the feedwater heater:" 

E_dot_in=E_dot_out 

E_dot_in = m_dot_steam[3]*h[3] +m_dot_fw[1]*h[1] 
E_dot_out= m_dot_steam[4]*h[4] + m_dot_fw[2]*h[2] 
m_ratio = m_dot_steam[3]/ m_dot_fw[1] 


"Second Law analysis:" 

S_dot_in - S_dot_out + S_dot_gen = DELTAS_dot_sys 
DELTAS_dot_sys = 0 "[KW/k]" "steady-flow result" 

S_dot_in = m_dot_steam[3]*s[3] +m_dot_fw[1]*s[1] 

S_dot_out= m_dot_steam[4]*s[4] + m_dot_fw[2]*s[2] 
S_gen_PerUnitMassFWH = S_dot_gen/m_dot_fw[1]"[kJ/kg_fw-K]" 
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Mratio Sgen,PerUnitMass P3 

[kJ/kg-K] [kPa] 
0.2109 0.1811 732 
0.2148 0.185 760 
0.219 0.189 790 
0.223 0.1929 820 
0.227 0.1968 850 
0.2309 0.2005 880 
0.2347 0.2042 910 
0.2385 0.2078 940 
0.2422 0.2114 970 
0.2459 0.2149 1000 


0.22 


P} =1000 ka 


0.21 


0.2 
For P <732kPa | 


0.19 Sjen <0 + 


0.18 < P3=732 kPa 


Sgen,PerUnitMassFWH [kJIkgfw-K] 


0.21 0.22 0.23 0.24 0.25 
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7-217E A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and is charged until 
the tank contains saturated liquid at a specified pressure. The mass of R-134a that entered the tank, the heat transfer with 
the surroundings at 100°F, and the entropy generated during this process are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 

Properties The properties of R-134a are (Tables A-11 through A-13) 

Vi =V @s0 psia = 0-59750 ft? /Ibm 

U; =Ug@go psia = 103.35 Btu/Ibm R- 134a 160 psia 


P, =80 psia | 
S1 = Sg@so psia = 0.22040 Btu/lbm- R 80°F 


sat. vapor 


u =U f @120 psia = 41.49 Btu/lbm 


P, =120 psia | 
S2 = S f@120 psia = 9.08589 Btu/Ibm-R 


sat. liquid 


P, =160 psia h; = hf@sor =38.17 Btu/lbm 
T, = 80°F Si = S f@sor = 9.07934 Btu/lbm-R 
Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 


energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 


Mass balance: Min — Mout = AM 


out system > m;=m,-m; 


Energy balance: 


E in E out = AE system 
YY 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin +m;h; =m,u,—myu, (since W = ke = pe = 0) 


The initial and the final masses in the tank are 


V 5 ft? 

m =—= ; = 8.368 lbm 
vi 0.59750 ft” /Ibm 
V 5 ft? 

m,=—= = 367.58 lbm 


Va 0.01360 ft?/Ibm 


Then from the mass balance, 
m; =m, -m =367.58—8.368 = 359.2 Ibm 
(b) The heat transfer during this process is determined from the energy balance to be 
Qin ==m;h; +m,u, = mu; 
= —(359.2 Ibm 38.17 Btu/lbm)+ (367.58 Ibm (41.49 Btu/lbm)- (8.368 Ibm)(103.35 Btu/lbm) 
= 673 Btu 


(c) The entropy generated during this process is determined by applying the entropy balance on an extended system that 
includes the tank and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 


_ Qin 
Sin = Sout + S gen = AS system ? +M;S; + Soon = AS tank = MS, —MS; 
er = b,in 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


Therefore, the total entropy generated during this process is 


in 


Sgen =—M;S; +(M3S3 —m)S)) — 
b,in 
673 Btu 


= -(359.2 (0.07934) + (367.58\(0.08589)—(8.368)(0.22040)— sgp 00264 Btu/R 
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7-218 The heating of a passive solar house at night is to be assisted by solar heated water. The length of time that the 
electric heating system would run that night and the amount of entropy generated that night are to be determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the glass 
containers themselves is negligible relative to the energy stored in water. 3 The house is maintained at 22°C at all times. 


Properties The density and specific heat of water at room temperature are p = 997 kg/m? and c = 4.18 kI/kg-°C (Table A- 
3). 


Analysis The total mass of water is 
m, = pV = (0.997 kg/L)(50 x 20 L) = 997 kg 50.000 kI/h 


Taking the contents of the house, including the water as our system, 
the energy balance relation can be written as 


Ein -E out = 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein g Qout =AU = (AU) water + (AU) air 
= (AU) water 
= mc(T, ~ T; Jwätet 


or, 
Wein At — Qoue = [Me(T, -T1 )] water 
Substituting, 
(15 kJ/s)At - (50,000 kJ/h)(10 h) = (997 kg)(4.18 kJ/kg-°C)(22 - 80)°C 
It gives 
At = 17,219 s = 4.78 h 


We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for 
the extended system can be expressed as 


= AS 


system 
— Sa 
Net entropy transfer Entropy Change 


Sin -Sout + S gen 
os 


by heat and mass generation in entropy 
Qout ex) 20 = 
a T + S gen = AS water + AS air = AS water 
b,out 


since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period that night is 


T. 
Spa aSr te (men) +Q 
water 


gen water 
b,out T; 


295K £ 500,000 kJ 
353 K 276K 


= (997 kg)\(4.18 kJ/kg-K)In 


= -748 +1811 = 1063 kJ/K 
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7-219 A room is to be heated by hot water contained in a tank placed in the room. The minimum initial temperature of the 
water needed to meet the heating requirements of this room for a 24-h period and the entropy generated are to be 
determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with constant 
specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored in water. 4 The room is 
maintained at 20°C at all times. 5 The hot water is to meet the heating requirements of this room for a 24-h period. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 
Analysis Heat loss from the room during a 24-h period is 
Quoss = (10,000 kJ/h)(24 h) = 240,000 kJ 


Taking the contents of the room, including the water, as our system, the energy balance can be written as 


#0 
Ein E out Pa AE system T Qout = AU = (AU Jator + (AU). 
EEA ——~_ 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


10,000 kJ/h 


or 
-Qout = [Me(T> - Ti) ]water 
Substituting, 
-240,000 kJ = (1500 kg)(4.18 kJ/kg-°C)(20 - T;) 
It gives 


T, = 58.3°C 


where T; is the temperature of the water when it is first brought into 
the room. 


(b) We take the house as the system, which is a closed system. The entropy generated during this process is determined by 
applying the entropy balance on an extended system that includes the house and its immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the surroundings at all times. The entropy balance for 
the extended system can be expressed as 


Sin z Sout + Sgen = AS 


— -m —>_——Y” 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


system 


+AS,, 7? = AS 


water air water 


- Lor ys = AS 


b,out 


since the state of air in the house (and thus its entropy) remains unchanged. Then the entropy generated during the 24 h 
period becomes 


-+ Qour = (mem) + Gow. 
T water 


b,out T surr 
293 K 4 240,000 kJ 
331.3K 278 K 


= —770.3 + 863.3 = 93.0 kJ/K 


= (1500 kg\4.18 kJ/kg -K)In 
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7-220 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the entropy generated are to be determined 
for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 


Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K, cy = 0.743 kJ/kg°C and 
Cp =1.039 kJ/kg-°C for No, and R = 2.0769 kPa.m*/kg.K, cy= 3.1156 kJ/kg-°C, and Cp = 5.1926 kJ/kg-°C for He (Tables 
A-1 and A-2) 


Analysis The mass of each gas in the cylinder is 


3 N> He 
ae (2%) E (250 kPa |2 m ) -4516 ke Sant Im 
í RT, N, (0.2968 kPa -m/kg-K\373 K) 250 kPa 250 kPa 
(PM) _ (250 kPa fı m° E WOE 25°C 
He 7 = 3 =U. g 
RT, Je (2.0769 kPa -m°/kg -K [298 K) 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


Ein = Ese = AE. 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0 = AU =(AU)y, + (AU), —>0 = [mc (Ty -T)ln, + Lme, (T -T )]ne 
Substituting, (4.516 kg)(0.743 kJ/kg -°C)\T, —100PC + (0.4039 kg)(3.1156 kJ/kg °C, —25PC=0 
It gives 
T= 79.5°C 
where 7; is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 


Sin ~ Sout + Sgen =AS 


system 
——— —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


0+ Spon = AS, + ASH 


But first we determine the final pressure in the cylinder: 


m m 4.516k 
Nast =N, + Me “(2 (4) = z 
N3 He 


— Nota RuT _ (0.2623 kmol)(8.314 kPa - m?/kmol - K)G52.5 K) 


gp OOS 5605 Eas 
28kg/kmol 4kg/kmol 


P, - = 256.3 kPa 
Viota 3m 
Then, 
T. P 
ASy, = nfe, In - rine) 
Ti P, N, 
352.5 K 256.3 kP 
=(4.516 kg) (1.039 kJ/kg -K)In — (0.2968 kJ/kg -K In >> =a 
373K 250 kPa 


= —0.2978 kJ/K 
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T. P. 

ASy. =m c, n— — R In — 

i ý T, 1 
He 


2.5K 256.3 kP 
= (0.4039 kg) (5.1926 kJ/kg - K)In eee (2.0769 kJ/kg - ie 
298 K 250 kPa 
= 0.3318 kJ/K 


Sgen =ASy, + AS ye = —0.2978 + 0.3318 = 0.0340 kJIK 


If the piston were not free to move, we would still have T, = 352.5 K but the volume of each gas would remain constant in 
this case: 


0 

T. 2.5K 

ASy, =m c, In Rn? = (4.516 kg)(0.743 ki/ke-K)In => 5K L 0.1393 KJ/K 
2 T, Ke Sh 373 K 


2 


#0 
T. l 
AS pe =M c, In = Rin”? = (0.4039 kg\(3.1156 ike Kya > =0.2115kJ/K 
T, Vi 4 298 K 
e 


Sgen =ASy, + AS ye =—0.1893 + 0.2115 = 0.0223 kJIK 
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EES 
7-221 Problem 7-220 is reconsidered. The results for constant specific heats to those obtained using variable specific 
heats are to be compared using built-in EES or other functions. 


Analysis The problem is solved using EES, and the results are given below. 


"Knowns:" 

R_u=8.314 [kJ/kmol-K] 

V_N2[1]=2 [m^3] 

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C" 
R_N2=0.2968 [kJ/kg-K] "From Table A-2(a)" 
T_N2[1]=100 [C] 

P_N2[1]=250 [kPa] 

Cp_N2=R_N2+Cv_N2 

V_He[1]=1 [m^3] 

Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C" 
T_He[1]=25 [C] 

P_He[1]=250 [kPa] 

R_He=2.0769 [kJ/kg-K] "From Table A-2(a)" 
Cp_He=R_He+Cv_He 


"Solution:" 


"mass calculations:" 
P_N2[1]*V_N2[1J=m_N2*R_N2*(T_N2[1]+273) 
P_He[1]*V_He[1J=m_He*R_He*(T_He[1]+273) 


"The entire cylinder is considered to be a closed system, allowing the piston to move." 
"Conservation of Energy for the closed system:" 

"E_in- E_out = DELTAE, we neglect DELTA KE and DELTA PE for the cylinder." 
E_in-E_out = DELTAE 

E_in =0 [kJ] 

E_out = 0 [kJ] 


"At the final equilibrium state, N2 and He will have a common temperature." 
DELTAE= m_N2*Cv_N2*(T_2-T_N2[1])+m_He*Cv_He*(T_2-T_He[1]) 


"Total volume of gases:" 
V_total=V_N2[1]+V_He[1] 
MM_He = 4 [kg/kmol] 
MM_N2 = 28 [kg/kmol] 


N_ total = m_He/MM_He+m_N2/MM_N2 

"Final pressure at equilibrium:" 

"Allowing the piston to move, the pressure on both sides is the same, P_2 is:" 
P_2*V_total=N_total*R_u*(T_2+273) 


S_gen_PistonMoving = DELTAS_He_PM+DELTAS_N2_PM 
DELTAS _He_PM=m_He*(Cp_He*In((T_2+273)/(T_He[1]+273))-R_He*In(P_2/P_He[1])) 
DELTAS _N2_PM=m_N2*(Cp_N2*In((T_24+273)/(T_N2[1]+273))-R_N2*In(P_2/P_N2[1])) 


"The final temperature of the system when the piston does not move will be the same as when it does move. 
The volume of the gases remain constant and the entropy changes are given by:" 


S_gen_PistNotMoving = DELTAS_He_PNM+DELTAS_N2_PNM 
DELTAS_He_PNM=m_He*(Cv_He*In((T_2+273)/(T_He[1]+273))) 
DELTAS_N2_PNM=m_N2*(Cv_N2*In((T_2+273)/(T_N2[1]+273))) 


"The following uses the EES functions for the nitrogen. Since helium is monatomic, we use the constant specific 
heat approach to find its property changes." 
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E_in- E_out = DELTAE_VP 


DELTAE_VP= m_N2*(INTENERGY(N2,T=T_2_VP)-INTENERGY(N2, T=T_N2[1]))+m_He*Cv_He*(T_2_VP- 


T_He[1]) 


"Final Pressure for moving piston:" 


P_2_VP*V_total=N_total*R_u*(T_2_VP+273) 


S_gen_PistMoving_VP = DELTAS_He_PM_VP+DELTAS_N2_PM_VP 
DELTAS_N2_PM_VP=m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_VP)-ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 
DELTAS _He_PM_VP=m_He*(Cp_He*In((T_2+273)/(T_He[1]+273))-R_He*In(P_2/P_Hef[1])) 


"Fianl N2 Pressure for piston not moving." 


P_2_N2_VP*V_N2[1]=m_N2*R_N2*(T_2_VP+273) 


S_gen_PistNotMoving_VP = DELTAS_He_PNM_VP+DELTAS_N2_PNM_VP 
DELTAS_N2_PNM_VP = m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_N2_VP)- 


ENTROPY(N2,T=T_N2[1],P=P_N2[1])) 


DELTAS_He_PNM_VP=m_He*(Cv_He*In((T_2_VP+273)/(T_He[1]+273))) 


SOLUTION 


Cp_He=5.193 [kJ/kg-K] 

Cp_N2=1.04 [kJ/kg-K] 

Cv_He=3.116 [kJ/kg-K] 

Cv_N2=0.743 [kJ/kg-K] 

DELTAE=0 [kJ] 

DELTAE_VP=0 [kJ] 
DELTAS He PM=0.3318 [kJ/K] 
DELTAS He PM_VP=0.3318 [kJ/K] 
DELTAS He PNM=0.2115 [kJ/K] 
DELTAS He PNM_VP=0.2116 [kJ/K] 
DELTAS N2_ PM=-0.298 [kJ/K] 
DELTAS N2 PM _VP=-0.298 [kJ/K] 
DELTAS N2_ PNM=-0.1893 [kJ/K] 
DELTAS N2 PNM _VP=-0.1893 [kJ/K] 
E_in=0 [kJ] 

E_out=0 [kJ] 

MM_He=4 [kg/kmol] 

MM_N2=28 [kg/kmol] 


m_He=0.4039 [kg] 

m_N2=4.516 [kg] 

N_total=0.2623 [kmol] 

P_2=256.3 [kPa] 

P_2 N2_ VP=236.3 [kPa] 

P_2_ VP=256.3 [kPa] 

R_He=2.077 [kJ/kg-K] 

R_N2=0.2968 [kJ/kg-K] 

R_u=8.314 [kJ/kmol-K] 

S_gen PistMoving VP=0.0338 [kJ/K] 
S_gen_PistNotMoving=0.02226 [kJ/K] 
S_gen PistNotMoving VP=0.02238 [kJ/K] 
S_gen_PistonMoving=0.03379 [kJ/K] 
T_2=79.54 [C] 

T_2 VP=79.58 [C] 

V_total=3 [m‘3] 
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7-222 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the entropy generated are to be determined 
for the cases of the piston being fixed and moving freely. 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston is 
at the average temperature of the two gases. 


Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m*/kg.K, c, = 0.743 kJ/kg:°C and 
Cp =1.039 kJ/kg-°C for No, and R = 2.0769 kPa.m*/kg.K, cy= 3.1156 kJ/kg-°C, and Cp = 5.1926 kJ/kg-°C for He (Tables 
A-1 and A-2). The specific heat of the copper at room temperature is c = 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 


3 
poplin a (500 kPa) m°] aiie x = 
2 (RT, Jy, (0.2968 kPa -m*/kg-K 353 K) ee tn 
PY, (500 kP i 3) 500 kPa 500 kPa 
hesir |= —_ = 0.808 kg 80°C 25°C 
RT, },,, (2.0769 kPa -m°/kg -K [298 K) | or 


Taking the entire contents of the cylinder as our system, the Ist law relation 
can be written as 


Ein i; Fut = AB system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0=AU = (AU)y, + (AU) + (AUes 
0 =[me,(T, -T))]n, +[me, (D -T) Ine + [me -T cu 


where 

Ti cu = (80 +25)/2 = 52.5°C 
Substituting, 

(4.77 kg)(0.743 kJ/kg -°C)(T; - 80}PC + (0.808 kgX3.1156 kJ/kg -°C\T; -25}C 
+ (5.0 kg\(0.386 kJ/kg -°C)(T; - 52.5PC = 0 

It gives 

T; = 56.0°C 
where T; is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 


Sin ap Sout + sien = AS 


system 
—=—S——— —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


0+ Soon = ASN, + AS, + AS 


piston 


But first we determine the final pressure in the cylinder: 


477k 808 k 
Nota = Nn Nn (Z) (2) 2s + Tone = 0.3724 kmol 
í M N He 


M 28 kg/kmol 4 kg/kmol 
3 
oe Nio RuT _ (0.3724 kmol)(8.314 Keg /kmol-K (329 K)_ ere 
V otal 2m 
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Then, 


=(4.77 ke (0.00 kJ/kg- K )in = s — (0.2968 kJ/kg -K)In 


509.4 kPa 
500 kPa 
= —0.3749 kJ/K 


T. P 

ASy. = m| c, In =- R In — 

He p T, 
He 


329K 509.4 kP 
= (0.808 kg) (5.1926 kJ/kg -K )In — (2.0769 kJ/kg K Jn >> 
298 K 500 kPa 
= 0.3845 kJ/K 
T: 329 K 
AS piston =| me In = = (5 kg\(0.386 kJ/kg - K Jin = 0.021 kJ/K 
TAi 325.5 K 


Sgen = ASy, + AS He + AS piston = —0.3749 + 0.3845 + 0.021 = 0.0305 kJ/K 
en 2 e piston 


If the piston were not free to move, we would still have T = 329 K but the volume of each gas would remain constant in 
this case: 


#0 
T V 329 K 
ASy, =m c, n—=-RIn— = (4.77 kg\(0.743 kI/kg-K)In = —0.249 KJ/K 
S T, v 353 K 
N2 
T, v,” 329 K 
ASy. = M| cy In—-—RIn = (0.808 kg)\3.1156 kJ/kg -K)In = 0.249 KJ/K. 
T; “V: Ja 298 K 


Sgen =ASy, +AS He + AS piston = —0.249 + 0.249 + 0.021 = 0.021 kJ/K 
en 2 e piston 
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7-223 An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to a specified value. The amount of electrical 
work done during this process and the total entropy change are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 


Properties The gas constant is R = 0.287 kPa.m’/kg.K (Table A-1). The properties of air are (Table A-17) 


T, =330 K —> h, =330.34 kJ/kg 
T, =330 K —> u, = 235.61 kJ/kg 
T, =330 K —> u, =235.61 kJ/kg 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 

Min — Mout = Am 


system > m =m-m 


Energy balance: 


In 500 kPa 
Ein i‘. Fut = AR sien 57°C 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein — Mehe = MU, — mu; (since Q = ke = pe = 0) 


The initial and the final masses of air in the tank are 


m = BY. (500 kPa)\5 m°? = 26.40 kg 
‘RT, (0.287 kPa- m*/kg- K {830 K) 
OPV (200 kPa) m°) 


m, =10.56 kg 


RT, (0.287 kPa -m°/kg -K 330 K) 


Then from the mass and energy balances, 


m, = m — m, = 26.40 -10.56 = 15.84 kg 


W, 


e,in 


= mh, + MU, — MU, 
= (15.84 kg {330.34 kJ/kg)+ (10.56 kg (235.61 kJ/kg) — (26.40 kg)(235.61 kJ/kg) = 1501 kJ 


(b) The total entropy change, or the total entropy generation within the tank boundaries is determined from an entropy 
balance on the tank expressed as 


Si,—5S = AS 


in out + S gen system 
ca 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


— MeSe + Sgen = AS tank 
or, 
Soen = MeSe + AS tank = MeSe +(MS, —M,S)) 
=(m,—m,)s, + (ms, m,s,)=m,(s, Se) m; (sı Se) 


Assuming a constant average pressure of (500 + 200)/2 = 350 kPa for the exit stream, the entropy changes are determined 
to be 
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#0 


P P 200 kP 
S3 -5e =C n> — RIn— =-R In = = -(0.287 W/kg K In ——— =0.1606 KJ/kg:K 
T P, P, 350 kPa 
g0 
T, P. P, kP 
S1 -Se =Cp n= = -~RIn— =-RIn— = -(0.287 ea =-0.1024 kI/kg-K 
? j P, 350 kPa 


Therefore, the total entropy generated within the tank during this process is 
Sgen = (10.56 kg)(0.1606 kI/kg : K )- (26.40 kg- 0.1024 kJ/kg: K) = 4.40 kJ/K 
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7-224 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified temperature. The 
entire vapor in the cylinder is to be condensed isothermally by adding ice inside the cylinder. The amount of ice added and 


the entropy generation are to be determined. 

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat transfer is 
negligible. 3 There is no stirring by hand or a mechanical device (it will add energy). 

Properties The specific heat of ice at about 0°C is c = 2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of 
fusion of ice at 1 atm are 0°C and 333.7 kJ/kg. 


Analysis (a) We take the contents of the cylinder (ice and saturated water) as our system, which is a closed system. Noting 
that the temperature and thus the pressure remains constant during this phase change process and thus W, + AU = AH, the 
energy balance for this system can be written as 


Ein ~ E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
W, n= AU 1ce 
? -18°Ç 
AH =0 


AH ise + AH Water =0 


or 


[me(0°C ~ T, oie + mhis + mc(T, = 0°C) facia lice + [m(h, a hy )Jwater =0 


The properties of water at 100°C are (Table A-4) 


v; =0.001043, v, =1.6720 m*/kg 
hy =419.17, hy, =2256.4 kJ.kg 


Sp =1.3072 s = 6.0490 kJ/kg.K 
Vi = Vf + XV pq = 0.001043 + (0.11.6720 — 0.001043) = 0.16814 mĉ°/kg 


h, = hp + xhg = 419.17 + (0.1(2256.4) = 644.81 kJ/kg 
S| = Sp +X Sj = 1.3072 + (0.16.0470) = 1.9119 kJ/kg -K 


hy = hoic = 419-17 kJ/kg 
S= Sgine = 1.3072 kJ/kg -K 
3 
m is a OU shoes 


samy, 0.16814 m*/kg 


Noting that T1, ice = -18°C and T, = 100°C and substituting gives 
m{(2.11 kJ/kg. K)[0-(-18)] + 333.7 kJ/kg + (4.18 kJ/kg-°C)(100-0)°C} 
+(0.119 kg)(419.17 — 644.81) kJ/kg =0 
m = 0.034 kg = 34.0 g ice 
(b) We take the ice and the steam as our system, which is a closed system. Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 
Sin ~ Sout + Sgen = AS system 
— 


ba ea —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


0+ Sgen = ASice + AS steam 
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AS steam = M(S> — $,) = (0.119 kgX1.3072 -1.9119)kI/kg -K = —0.0719 kJ/K 


steam 


Toy mh; T. 
AS ie = (Sora + AS netting oh AS jiguid k = [me In meting ) F if + [me m2) 
solid liquid 


1 melting 1 ie 
273.15 K .7 KJ/k ASK 
= (0.034 kg) (2.11 kJ/kg - K )in Ee (4.18 kJ/kg - kin eE = 0.0907 kJ/K 
255.15K 273.15 K 273.15 K 
Then, 
Sgen = ASsteam + ASice = —0.0719 + 0.0907 = 0.0188 kJ/K 
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7-225 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of entropy generated are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). 


Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: m,, — Mut = AMy stem > m=m, (since Moy = Minita = 9) 


Energy balance: 
Ein ~ Ese z SORTA 


system 


—— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin + mh; a M Uy (since W = Bout = Einitial n> ke = pe = 0) 


Combining the two balances: ae d 
Qin = m, (Uy — h; ) 
where 
PV 100 kPa (0.010 m° 
ia ee al m) 0.01045 kg 
RT, (0.287 kPa - m°/kg - K 300 K) 
h; = 300.19 kJ/k: 
T, =T, =300 K Table A-17 > i 8 
u, = 214.07 kJ/kg 
Substituting, 


Qin = (0.01045 kg)(214.07 — 300.19) kJ/kg =- 0.90 k) > Qau=0.9kJ 


Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reverse the 
direction. 


The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 


Sin pa Sout F Sgen = AS 


system 
———" —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qout #0 
MiS; — + Sgen E AS tank = M252 — MS; = MS 


surr 


Therefore, the entropy generated during this process is 


0.9 kJ 
S sen =—M;S; + MS, + Cou m, (s> =s; ye + Qout _ Qour _ = 0.0030 kJ/K 
surr Tiy Tan 300 K 
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7-226 Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it flows through a 
showerhead steadily at a rate of 10 L/min. The electric power input to the heater and the rate of entropy generation are to be 
determined. The reduction in power input and entropy generation as a result of installing a 50% efficient regenerator are 
also to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time at any point within the system and thus 
Amçy =9 and AE; =0. 2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential 
energy changes are negligible, Ake = Ape = 0 . 4 Heat losses from the pipe are negligible. 

Properties The density of water is given to be p = 1 kg/L. The specific heat of water at room temperature is c = 4.18 
kJ/kg-°C (Table A-3). 


Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system boundary during the 
process. We observe that there is only one inlet and one exit and thus m, = m, =m. Then the energy balance for this 


steady-flow system can be expressed in the rate form as 


z : ; AO (stead ‘ : 
Ein $ E out = AE system S =0 > Ein = E out 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
x p) 
Wein + mh, = mh, (since Ake = Ape = 0) WATER 
Wein = m(h, h) = mc(T, T) 16E 43°C 
where 
m= pV =(1kg/L\10 L/min)=10 kg/min 
Substituting, 


Wein = (10/60 kg/s)(4.18 kJ/kg -°C(43-16)°C = 18.8 kW 


The rate of entropy generation in the heating section during this process is determined by applying the entropy balance on 
the heating section. Noting that this is a steady-flow process and heat transfer from the heating section is negligible, 
: : : : 20 
Sin a Sout t Sgen = AS system =0 
Rate of net entropy transfer Rate of entropy Rate of change 


by heat and mass generation of entropy 


Ms, — MS. + Sgen = 0—> Sgen = mS. — S1) 


Noting that water is an incompressible substance and substituting, 


T. 316K 
S, = cln = = (10/60 kg/s (4.18 kJ/kg -K)In 
m = ( g/s) g-K) TI 


: = 0.0622 kJ/K 
1 


(b) The energy recovered by the heat exchanger is 
Quaved = EQ max = MC(T aax — Trin ) = 0-5(10/60 kg/s\(4.18 kJ/kg -°C)\(39 -16)°C = 8.0 kJ/s = 8.0 kW 


Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to 


Wer new =W Qyave =18.8 -8.0 = 10.8 kW 


in,new in,old 


Taking the cold water stream in the heat exchanger as our control volume (a steady-flow system), the temperature at which 
the cold water leaves the heat exchanger and enters the electric resistance heating section is determined from 


Q = me(Ty out =Tem) 
Substituting, 


8 KJ/s = (10/60 kg/s)(4.18 kI/kg-” CX(T, „u —16°C) 


„out 


It yields 
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T, out = 27.5°C = 300.5K 


c,out 
The rate of entropy generation in the heating section in this case is determined similarly to be 


316K 


. T; 
S sen = cln = = (10/60 kg/s\4.18 kJ/kg -K ) In ——— = 0.0350 kJ/K 
T, 300.5 K 


Thus the reduction in the rate of entropy generation within the heating section is 


S = 0.0622 — 0.0350 = 0.0272 kW/K 


reduction 
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EES 
7-227 Using EES (or other) software, the work input to a multistage compressor is to be determined for a given set 
of inlet and exit pressures for any number of stages. The pressure ratio across each stage is assumed to be identical and the 


compression process to be polytropic. The compressor work is to be tabulated and plotted against the number of stages for 
P, = 100 kPa, T; = 25°C, P, = 1000 kPa, and n = 1.35 for air. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


GAS$ = 'Air' 

Nstage = 2 "number of stages of compression with intercooling, each having same pressure ratio." 
n=1.35 

MM=MOLARMASS(GAS$) 

R_u = 8.314 [kJ/kmol-K] 

R=R_u/MM 

k=1.4 

P1=100 [kPa] 

T1=25 [C] 

P2=1000 [kPa] 

R_p = (P2/P1)^(1/Nstage) 

W_dot_comp= Nstage*n*R*(T1+273)/(n-1)*((R_p)*((n-1)/n) - 1) 


Nstage Weomp 
[kJ/kg] 
269.4 
229.5 
217.9 
212.4 
209.2 
207.1 
205.6 
204.5 
203.6 
202.9 


OHMIUMRMAWNHA 
Weomp (kJ/kg) 


=à 
O 
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7-228 The turbocharger of an internal combustion engine consisting of a turbine driven by hot exhaust gases and a 
compressor driven by the turbine is considered. The air temperature at the compressor exit and the isentropic efficiency of 
the compressor are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential Air. 70°C 
energy changes are negligible. 3 Exhaust gases have air properties and air 95 kPa 
is an ideal gas with constant specific heats. 0.018 kg/s 


Properties The specific heat of exhaust gases at the average temperature 
of 425°C is c, = 1.075 kJ/kg.K and properties of air at an anticipated 
average temperature of 100°C are c, = 1.011 kJ/kg.K and k =1.397 (Table 
A-2). 


Compressor 


Analysis (a) The turbine power output is determined from Exh. gas 


450°C 
0.02 kg/s 


an 135 kPa 
Wr z MexhC p (Ti -T,) 


= (0.02 kg/s)(1.075 kJ/kg.°C)(450 - 400)°C =1.075 kW 
For a mechanical efficiency of 95% between the turbine and the compressor, 
We = „Wr = (0.95)(1.075 kW) = 1.021kW 
Then, the air temperature at the compressor exit becomes 
We = Mair p (Ty T T,) 
1.021 kW = (0.018 kg/s)(1.011 kI/kg.°C)(T, - 70)°C 
T, =126.1°C 


(b) The air temperature at the compressor exit for the case of isentropic process is 


(k-1)/k (1.397-1)/1.397 

P. 135kP 

TEn =(70 +273 K( ae 2) =379K =106°C 
P 95 kPa 


The isentropic efficiency of the compressor is determined to be 


Gen. 126.1-70 


= 0.642 


Nc 
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7-229 Air is allowed to enter an insulated piston-cylinder device until the volume of the air increases by 50%. The final 
temperature in the cylinder, the amount of mass that has entered, the work done, and the entropy generation are to be 
determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 
Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg.K and the 
specific heats of air at room temperature are cp = 1.005 kJ/kg.K, cy = 
0.718 kJ/kg.K (Table A-2). 


Air 
Analysis The initial pressure in the cylinder is 500 kPa 
70°C 
RT Pa-m*/kg-K)(20+273 K 
p= 1 _ (0.7kg)(0.287 kPa mike )(20+273K) _ 535 sip, 
v 0.25m 
m -PV (235.5kPa)(1.5x0.25m*) 307.71 
pe = Z 


RT, (0.287 kPa -m?/kg- K)T, T> 
A mass balance on the system gives the expression for the mass entering the cylinder 


71 
i el 


m.: =m, -m 
T, 


(c) Noting that the pressure remains constant, the boundary work is determined to be 
Wy out = PiU, —Y,) = (235.5 kPa)(1.5x 0.25- 0.5)m? = 29.43 kJ 


(a) An energy balance on the system may be used to determine the final temperature 
m;h; — Wo out = MgUy — MU 
MC T; z W, out = mc T, — mc, 


307.71 


oo 


= ora .005)(70 + 273) — 29.43 = 
A 


Jonan — (0.7)(0.718)(20 + 273) 


There is only one unknown, which is the final temperature. By a trial-error approach or using EES, we find 
T, = 308.0 K 
(b) The final mass and the amount of mass that has entered are 


_ 307.71 
308.0 


m; =m, —m, =0.999 — 0.7 = 0.299 kg 


m, = 0.999 kg 


(d) The rate of entropy generation is determined from 


Sgen = M2S2 —MS; —M;S; = MS. =M; Sı — (M, =M; )S; =M; (S2 —$;)—mM) (Ss; —$;) 


g 
T, P. T, P 

=M| Cp In—-— RIn— |-m, Cp In R In — 

T; P, T; P, 


i i i i 


308K 235.5 kPa 
= (0.999 k: 1.005 kJ/kg. Kl — (0.287 kJ/kg.K)ln ————_ 
af ; ee 3 À i rn 500 kPa | 
293K 235.5 kPa 
- (0.7k 1.005 kJ/kg.K)In| —— |- (0.287 kJ/kg.K)ln) ———W 
i af j a Sak) £ | 500 kPa )| 


= 0.0673 kJIK 
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7-230 A cryogenic turbine in a natural gas liquefaction plant produces 115 kW of power. The efficiency of the turbine is to 
be determined. 


Assumptions 1 The turbine operates steadily. 


Properties The density of natural gas is given to be 423.8 kg/m’. 


Analysis The maximum possible power that can be obtained from this turbine 
for the given inlet and exit pressures can be determined from 


Cryogenic 


; Í turbine 
Wrox =(P, — Pya) = 2X (3000 - 300)kPa = 127.4 kW 
P 423.8 kg/m 
Given the actual power, the efficiency of this cryogenic turbine becomes LNG, 30 bar 
; k -160°C, 20 kg/s 
n= L4 — US KW 0.903 = 90.3% 
W, 127.4 kW 


max 


This efficiency is also known as hydraulic efficiency since the cryogenic turbine handles 
natural gas in liquid state as the hydraulic turbine handles liquid water. 
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7-231 Heat is transferred from a tank to a heat reservoir until the temperature of the tank is reduced to the temperature of 
reservoir. The expressions for entropy changes are to be obtained and plotted against initial temperature in the tank. 


Properties The constant-volume specific heat of air at 300 K is cy = 0.718 kJ/kg-K (Table A-2a) 
Analysis The entropy change of air in the tank is 


T, V. T, 
AS i, = m| c, n—+ + RIn— | = mc, In 
T 1 T 


The entropy change of heat reservoir is 


Q = mc, (T, -T,) 
T; T; 


ASuR = 


The total entropy change (i.e., entropy generation) is 


T, mce,(T, -T>) 
Deen = AS total = AS ait + AS pr =mC, In + oe 
T Tz 


The heat transfer will continue until T, = Tz. Now using m = 2 kg, c, = 0.718 kJ/kg:K and T; = 300 K, we plot entropy 
change terms against initial temperature as shown in the figure. 


Entropy change, kJ/K 
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7-232 Heat is transferred from a tank to a heat engine which produces work. This work is stored in a work reservoir. The 
initial temperature of the air for maximum work and thermal efficiency, the total entropy change, work produced and 
thermal efficiency are to be determined for three initial temperatures. 


Properties The constant-volume specific heat of air at 300 K is c, = 0.718 kJ/kg-K (Table A-2a) 
Analysis (a) The entropy change of air in the tank is 
T. V. T. 
AS tank = M| c, n—++RIn— |= mc, In = 
T, 1 T, 
The heat transfer will continue until T) = Tz. Thus, 
T 
AS ank = MC, In 
1 


The entropy change of heat reservoir is 


AS uR -2 
L 


The entropy change of heat engine is zero since the engine is reversible and produces maximum work. The work reservoir 
involves no entropy change. Then, the total entropy change (1.e., entropy generation) is 
S gen = AS total = AS tank + AS HR + AS HE + AS WR 
= AS tank t AS yr +0+0 


which becomes 


T 
Sgen = MC, In—+ Qı (1) 
T; Tz 


The expression for the thermal efficiency is 


W 
Na = Oa (2) 
Q 
or Ty = rae (3) 
Heat transfer from the tank is expressed as 
Qy =me,(T, -T,) (4) 


In ideal operations, the entropy generation will be zero. Then using m = 2 kg, c = 0.718 kJ/kg-K, T; = 300 K, Q; = 400 kJ 
and solving equations (1), (2), (3) and (4) simultaneously using an equation solver such as EES we obtain 

T, = 759.2K 

1a = 0.3934 

W =259.4kJ 

Qy = 659.4 kJ 


(b) At the initial air temperature of 759.2 K, the entropy generation is zero and 


S sen = 0 
Min = 0.3934 
W =259.4kJ 


At the initial air temperature of 759.2-100 = 659.2 K, we obtain 


S gen = 0.2029 kJIK 
My, = 0.2245 


W =115.8 kJ 
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At the initial air temperature of 759.2 + 100 = 859.2 K, we obtain 
Sgen = —0.1777 kJIK 


My, = 0.5019 
W = 403.0 kJ 


A negative value for entropy generation indicates that this process is not possible with the given values. 


(c) The thermal efficiency and the entropy generation as functions of the initial temperature of the air are plotted below: 
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7-233 It is to be shown that for an ideal gas with constant specific heats the compressor and turbine isentropic efficiencies 
8 P 
(P, / B)" (Ty /T3)-1 


may be written as = d = ; 
y c (T, /T,)-1 r (P, / B) ED 1 


Analysis The isentropic efficiency of a compressor for an ideal gas with constant specific heats is given by 


AE hs -h _ Cp(zs-1) _ Ds -T 
c = 2 = na L 
h, —h; c (T-T) T, -T, 


The temperature at the compressor exit fort he isentropic case is expressed as 


(k-1)/k 
T>, =T; 22 
25 1 P, 


Substituting, 
(k-1)/k pe (k-1)/k 
rl E r I= -1| |2 “4 
1 1 P 
Tzs = T; Si P, 1 BJ 


Ie aae SOE a 
T, -T T, -T T. 
27m 25h T, Taly GE 
T; T, 


The isentropic efficiency of a turbine for an ideal gas with constant specific heats is given by 


hy —h, TA cp (T4 -T;) = T, -T; 
hy, — hy cp (Tas -T3) Tig -T3 


1r = 


The temperature at the turbine exit fort he isentropic case is expressed as 


(k-1)/k 
f= T)— 
As 3 P, 


Substituting, 
T. 
T; 7] -1 I j 1 


Ty, -T pee p, \evie p, \e&vie 
4 4 
(5 oe | i f ) i 
3 P; 3 
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7-234 An expression for the internal energy change of an ideal gas during the isentropic process is to be obtained. 


Analysis The expression is obtained as follows: 
du = Tds° — Pdv = —Pdv 


Au =— Í Pdv, where P = const v“ 


2 Lk |2 k, 1k |? 
P 
Au =— Í const v ‘dv = -const ~ seas y 
kl ikel 
2 2 
P RT R 
Au=——-| =——| =—_(T, -T) 
T | ae E 
Au =C, (T, -T,) 


7-235 The temperature of an ideal gas is given as functions of entropy and specific volume. The T-vrelation for this ideal 
gas undergoing an isentropic process is to be obtained. 


Analysis The expressions for temperatures T, and T, are 
T, =T(s,,4,) and T, =T(sz,v,) 
T, = Au; * exp(s, /c,) 
T, = Av)" exp(S> /c,) 
Now divide T; by T}, 
T, Av y* exp(s, /c,) 
T, J Avi™ exp(s; /c,) 


Since A and c, are constants and the process is isentropic S2 = Sı, the temperature ratio reduces to 
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7-236 An ideal gas undergoes a reversible, steady-flow process. An expression for heat transfer is to be obtained. 
Analysis (a) The conservation of mass and energy for the steady-flow process are 


Yim; = Yom, 


inlets exits 
r V 2 . V 2 
Qne + Y Mi Mesa Ey = Wes + > fe E 
inlets i exits e 


where the sign of heat transfer is to the system and work is from the system. For one entrance, one exit, neglecting kinetic 
and potential energies, and unit mass flow, the conservation of mass and energy reduces to 


net = Wnet + (he D h;) 


The steady-flow, reversible work for the isothermal process is found from 


e e 
RT P 
Whet,sf,rev aa [ vap = f P dP = -RT nf 2) 
i 


4 i 
i 


Then 
net = Wnet + (h, = h;) 
P, 
= —RT — RT In| — |+ c, (Te -T;) 
P; 
However, 
Te =T; 
Thus, 


P 
dret = -RT nf 2 


(b) For the isothermal process, the heat transfer may be determined from 


e i¢ 
(e = [tas = T fas =T(s, —-S;) 


The entropy change of an ideal gas is found from 
T, 


c, (T)dT 
Se ` Si -JDT el 2) 
T P. 


e 
i 
i 


For the isothermal process the entropy change is 


P 
Se — S; = -rif | 
i 


The expression for heat transfer is 


i 


P 
anet = T(s, = Si) =-RT m) 


which is the same as part (a). 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-199 


7-237 The temperature of an ideal gas is given as functions of entropy and specific volume. The expression for heat transfer 


is to be determined and compared to the result by a first law analysis. 


Analysis The heat transfer may be expressed as 


T(s,P) = Ape bik exp(s/C,) 
T(s,v) = Ap& Dik exp(s/c,) 


S2 S2 

_Q_ > (k-1)/k 

q=~ = |Tas= | aP exp(s/c„)ds 
Sı Si 

For P = constant, the integral becomes 


Sy 
q = Api Dik Jexps/c, jas = APD ke, exp(s/ cp) 


Sı 


= AP% e, lexpi(s, PEG) EAPC NCS )] 


S2 
s 


1 


Noting that 
T, = Ap Dk exp(sı /Cp) 
T, = Api ik exp(S2/Cp) 
We obtain 
q=c,(T -T,) 


This result is the same as that given by applying the first law to a closed system undergoing a constant pressure process. 
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7-238 A two-stage compression with intercooling process is considered. The isentropic efficiencies for the two compression 
processes are given. The optimum intercooling pressure is to be obtained. 


Analysis The work of compression is 


w =c,(T, -T,)+c, (T; -T;) 


comp 
1 


1 
Us. -T1)+ cp — (Tis -T3) 
ICL 1c,H 


=C) 


1 


1 
=c,|T, (T,,/T, -1)+T, 
NCL NCH 


1 P (k-1)/k 1 P (k-1)/k 
=¢,/T; (>) -1|+T; (> -1 
No \\ Pi Now |P 


We are to assume that intercooling takes place at constant pressure and the gases can be cooled to the inlet temperature for 
the compressor, such that P; = P, and T; = T,. Then the total work supplied to the compressor becomes 


T i p (k-1)/k i p (k-1)/k 
Weomp = pTi | ) 1|+ | | 1 
Now |P NCH P, 


(k-1)/k (k-1)/k 
1 [B 1 (P; 1 1 
nc P ncy \ Po 1c, C,H 


To find the unknown pressure P, that gives the minimum work input for fixed compressor inlet conditions T, P4, exit 
pressure P4, and isentropic efficiencies, we set 


(Tas /T; -»] 


AW eomp (P2) =0 
This yields 
k 
2(k-1) 

P, = JPP, ICL 

1C,H 

-k -k 
P, (nc) P, (cu) 


Since P, = P}, the pressure ratios across the two compressors are related by 


k k 


P, =a PA ar 
-S (Mc yk = — (7c) E 
P P; 
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Fundamentals of Engineering (FE) Exam Problems 


7-239 Steam is condensed at a constant temperature of 30°C as it flows through the condenser of a power plant by rejecting 
heat at a rate of 55 MW. The rate of entropy change of steam as it flows through the condenser is 


(a) -1.83 MW/K (b) -0.18 MW/K (c) OMW/K (d) 0.56 MW/K (e) 1.22 MW/K 
Answer (b) —0.18 MW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=30 "C" 
Q_out=55 "MW" 
S_change=-Q_out/(T1+273) "MW/K" 


"Some Wrong Solutions with Common Mistakes:" 

W1_S_change=0 "Assuming no change" 

W2_S_change=Q_out/T1 "Using temperature in C" 
W3_S_change=Q_out/(T1+273) "Wrong sign" 

W4_S_change=-s_fg "Taking entropy of vaporization" 
s_fg=(ENTROPY(Steam_IAPWS,T=T1,x=1)-ENTROPY(Steam_IAPWS, T=T1,x=0)) 


7-240 Steam is compressed from 6 MPa and 300°C to 10 MPa isentropically. The final temperature of the steam is 
(a) 290°C (b) 300°C (c) 311°C (d) 371°C (e) 422°C 
Answer (d) 371°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=6000 "kPa" 

T1=300 "C" 

P2=10000 "kPa" 

s2=s1 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
T2=TEMPERATURE(Steam_IAPWS,s=s2,P=P2) 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P2" 
W3_T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2) "Saturation temperature at P1" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


7-202 


7-241 An apple with an average mass of 0.12 kg and average specific heat of 3.65 kJ/kg.°C is cooled from 25°C to 5°C. 
The entropy change of the apple is 


(a) —0.705 kJ/K (b) -0.254 kJ/K (c) -0.0304 kJ/K (d) 0 kKJ/K (e) 0.348 kJ/K 
Answer (c)—0.0304 kJ/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


C=3.65 "kJ/kg.K" 

m=0.12 "kg" 

T1=25 "C" 

T2=5 "C" 
S_change=m*C*In((T2+273)/(T1+273)) 


"Some Wrong Solutions with Common Mistakes:" 
W1_S_change=C*In((T2+273)/(T1+273)) "Not using mass" 
W2_S_change=m*C*In(T2/T1) "Using C" 
W3_S_change=m*C*(T2-T1) "Using Wrong relation" 


7-242 A piston-cylinder device contains 5 kg of saturated water vapor at 3 MPa. Now heat is rejected from the cylinder at 
constant pressure until the water vapor completely condenses so that the cylinder contains saturated liquid at 3 MPa at the 
end of the process. The entropy change of the system during this process is 


(a) 0 kJ/K (b) -3.5 kJ/K (c) -12.5 kJ/K (d) -17.7 kJ/K (e) -19.5 kJ/K 
Answer (d) -17.7 kJ/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=3000 "kPa" 

m=5 "kg" 
s_fg=(ENTROPY(Steam_IAPWS,P=P1,x=1)-ENTROPY(Steam_IAPWS,P=P1,x=0)) 
S_change=-m*s_fg "kJ/K" 
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7-243 Helium gas is compressed from 1 atm and 25°C to a pressure of 10 atm adiabatically. The lowest temperature of 
helium after compression is 


(a) 25°C (b) 63°C (c) 250°C (d) 384°C (e) 476°C 
Answer (e) 476°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

P1=101.325 "kPa" 

T1=25 "C" 

P2=10*101.325 "kPa" 

"s2=s1" 

"The exit temperature will be lowest for isentropic compression," 
T2=(T1+273)*(P2/P1)*((k-1)/k) "K" 

T2_C= T2-273 "C" 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=T1*(P2/P1)^((k-1)/k) "Using C instead of K" 
W3_T2=(T1+273)*(P2/P1)-273 "Assuming T is proportional to P" 
W4_T2=T1*(P2/P1) "Assuming T is proportional to P, using C" 


7-244 Steam expands in an adiabatic turbine from 4 MPa and 500°C to 0.1 MPa at a rate of 2 kg/s. If steam leaves the 
turbine as saturated vapor, the power output of the turbine is 


(a) 2058 kW (b) 1910 kW (c) 1780 kW (d) 1674 kW (e) 1542 kW 
Answer (e) 1542 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=4000 "kPa" 

T1=500 "C" 

P2=100 "kPa" 

x2=1 

m=2 "kg/s" 
h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,x=x2,P=P2) 
W_out=m*(h1-h2) 


"Some Wrong Solutions with Common Mistakes:" 
si=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
h2s=ENTHALPY(Steam_IAPWS, s=s1,P=P2) 
W1_Wout=m*(h1-h2s) "Assuming isentropic expansion" 
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7-245 Argon gas expands in an adiabatic turbine from 3 MPa and 750°C to 0.2 MPa at a rate of 5 kg/s. The maximum 
power output of the turbine is 


(a) 1.06 MW (b) 1.29 MW (c) 1.43 MW (d) 1.76 MW (e) 2.08 MW 
Answer (d) 1.76 MW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=0.5203 

k=1.667 

P1=3000 "kPa" 

T1=750+273 "K" 

m=5 "kg/s" 

P2=200 "kPa" 

"s2=s1" 

T2=T1*(P2/P1)*((k-1)/k) 
W_max=m*Cp*(T1-T2) 

"Some Wrong Solutions with Common Mistakes:" 
Cv=0.2081"kJ/kg.K" 

W1_Wmax=m*Cv*(T1-T2) "Using Cv" 
T22=T1*(P2/P1)*((k-1)/k) "Using C instead of K" 
W2_Wmax=m*Cp*(T1-T22) 
W3_Wmax=Cp*(T1-T2) "Not using mass flow rate" 
T24=T1*(P2/P1) "Assuming T is proportional to P, using C" 
W4_Wmax=m*Cp*(T1-T24) 


7-246 A unit mass of a substance undergoes an irreversible process from state 1 to state 2 while gaining heat from the 
surroundings at temperature T in the amount of q. If the entropy of the substance is s; at state 1, and sz at state 2, the entropy 
change of the substance As during this process is 


(a) As < S2- S1 (b) As >s2-sı (c) AS = S2- $y (d) As = s2- Sı + q/T (e) As > S2- sı + q/T 


Answer (c) As =s)- S$; 


7-247 A unit mass of an ideal gas at temperature T undergoes a reversible isothermal process from pressure P, to pressure 
P, while loosing heat to the surroundings at temperature T in the amount of q. If the gas constant of the gas is R, the entropy 
change of the gas As during this process is 


(a) As =R In(P2/P)) (b) As = R In(P2/P;)- q/T (c) As =R In(P,/P2) (d) As =R In(P,/P2)-q/T (e) As= 0 
Answer (c) As =R In(P,/P2) 
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7-248 Air is compressed from room conditions to a specified pressure in a reversible manner by two compressors: one 
isothermal and the other adiabatic. If the entropy change of air is ASisot during the reversible isothermal compression, and 
AS adia during the reversible adiabatic compression, the correct statement regarding entropy change of air per unit mass is 


(a) ASisot= ASadia=O (b) ASiso= ASadia>O (c) ASadia> 0 (d) ASisot < 0 (e) AS isot 0 
Answer (d) ASisot < 0 


7-249 Helium gas is compressed from 27°C and 3.5 m*/kg to 0.775 m°/kg in a reversible adiabatic manner. The temperature 
of helium after compression is 


(a) 74°C (b) 122°C (c) 547°C (d) 709°C (e) 1082°C 
Answer (c) 547°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

v1=3.5 "m43/kg" 

T1=27 "C" 

v2=0.775 "m^3/kg" 

"s2=s1" 

"The exit temperature is determined from isentropic compression relation," 
T2=(T1+273)*(v1/v2)^(k-1) "K" 

T2_C= T2-273 "C" 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2=T1 "Assuming temperature remains constant" 
W2_T2=T1*(v1/v2)^(k-1) "Using C instead of K" 
W3_T2=(T1+273)*(v1/v2)-273 "Assuming T is proportional to v" 
W4_T2=T1*(v1/v2) "Assuming T is proportional to v, using C" 
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7-250 Heat is lost through a plane wall steadily at a rate of 600 W. If the inner and outer surface temperatures of the wall 
are 20°C and 5°C, respectively, the rate of entropy generation within the wall is 


(a) 0.11 W/K (b) 4.21 W/K (c) 2.10 W/K (d) 42.1 W/K (e) 90.0 W/K 
Answer (a) 0.11 W/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q=600 "W" 
T1=20+273 "K" 
T2=5+273 "K" 


"Entropy balance S_in-S_out+S_gen=DS_system for the wall for steady operation gives" 
Q/T1-Q/T2+S_gen=0 "W/K" 


"Some Wrong Solutions with Common Mistakes:" 
Q/(T1+273)-Q/(T2+273)+W1_Sgen=0 "Using C instead of K" 
W2_Sgen=Q/((T1+T2)/2) "Using avegage temperature in K" 
W3_Sgen=Q/((T1+T2)/2-273) "Using avegage temperature in C" 
W4_Sgen=Q/(T1-T2+273) "Using temperature difference in K" 


7-251 Air is compressed steadily and adiabatically from 17°C and 90 kPa to 200°C and 400 kPa. Assuming constant 
specific heats for air at room temperature, the isentropic efficiency of the compressor is 


(a) 0.76 (b) 0.94 (c) 0.86 (d) 0.84 (e) 1.00 
Answer (d) 0.84 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=1.005 "kJ/kg.K" 

k=1.4 

P1=90 "kPa" 

T1=17 "C" 

P2=400 "kPa" 

T2=200 "C" 
T2s=(T1+273)*(P2/P1)*((k-1)/k)-273 
Eta_comp=(Cp*(T2s-T1))/(Cp*(T2-T1)) 


"Some Wrong Solutions with Common Mistakes:" 

T2sW1=T1*(P2/P1)*((k-1)/k) "Using C instead of K in finding T2s" 
W1_Eta_comp=(Cp*(T2sW1-T1))/(Cp*(T2-T1)) 

W2_Eta_comp=T2s/T2 "Using wrong definition for isentropic efficiency, and using C" 
W3_Eta_comp=(T2s+273)/(T2+273) "Using wrong definition for isentropic efficiency, with K" 
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7-252 Argon gas expands in an adiabatic turbine steadily from 600°C and 800 kPa to 80 kPa at a rate of 2.5 kg/s. For an 
isentropic efficiency of 88%, the power produced by the turbine is 


(a) 240 kW (b) 361 kW (c) 414 kW (d) 602 kW (e) 777 kW 
Answer (d) 602 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=0.5203 "kJ/kg-K" 

k=1.667 

m=2.5 "kg/s" 

T1=600 "C" 

P1=800 "kPa" 

P2=80 "kPa" 
T2s=(T1+273)*(P2/P1)*((k-1)/k)-273 
Eta_turb=0.88 
Eta_turb=(Cp*(T2-T1))/(Cp*(T2s-T1)) 
W_out=m*Cp*(T1-T2) 


"Some Wrong Solutions with Common Mistakes:" 

T2sW1=T1*(P2/P1)*((k-1)/k) "Using C instead of K to find T2s" 
Eta_turb=(Cp*(T2W1-T1))/(Cp*(T2sW1-T1)) 

W1_Wout=m*Cp*(T1-T2W1) 

Eta_turb=(Cp*(T2s-T1))/(Cp*(T2W2-T1)) "Using wrong definition for isentropic efficiency, and using C" 
W2_Wout=m*Cp*(T1-T2W2) 

W3_Wout=Cp*(T1-T2) "Not using mass flow rate" 

Cv=0.3122 "kJ/kg.K" 

W4_Wout=m*Cv*(T1-T2) "Using Cv instead of Cp" 
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7-208 


7-253 Water enters a pump steadily at 100 kPa at a rate of 35 L/s and leaves at 800 kPa. The flow velocities at the inlet and 
the exit are the same, but the pump exit where the discharge pressure is measured is 6.1 m above the inlet section. The 
minimum power input to the pump is 


(a) 34 kW (b) 22 kW (c)27kW (d) 52 kW (e) 44 kW 
Answer (c) 27 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=0.035 "m^3/s" 

g=9.81 "m/s^2" 

h=6.1 "m" 

P1=100 "kPa" 

T1=20 "C" 

P2=800 "kPa" 

“Pump power input is minimum when compression is reversible and thus w=v(P2-P1)+Dpe" 
v1=VOLUME(Steam_IAPWS,T=T1,P=P1) 

m=Viv1 

W_min=m*v1*(P2-P1)+m*g*h/1000 "kPa.m%3/s=kW" 

"(The effect of 6.1 m elevation difference turns out to be small)" 


"Some Wrong Solutions with Common Mistakes:" 

W1_Win=m*v1*(P2-P1) "Disregarding potential energy” 
W2_Win=m*v1*(P2-P1)-m*g*h/1000 "Subtracting potential energy instead of adding" 
W3_Win=m*v1*(P2-P1)+m*g*h "Not using the conversion factor 1000 in PE term" 
W4_Win=m*v1*(P2+P1)+m*g*h/1000 "Adding pressures instead of subtracting" 


7-254 Air at 15°C is compressed steadily and isothermally from 100 kPa to 700 kPa at a rate of 0.12 kg/s. The minimum 
power input to the compressor is 


(a) 1.0kW (b) 11.2 kW (c) 25.8 kW (d) 19.3 kW (e) 161 kW 
Answer (d) 19.3 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=1.005 "kJ/kg.K" 
R=0.287 "kJ/kg.K" 

Cv=0.718 "kJ/kg.K" 

k=1.4 

P1=100 "kPa" 

T=15 "C" 

m=0.12 "kg/s" 

P2=700 "kPa" 
Win=m*R*(T+273)*In(P2/P1) 


"Some Wrong Solutions with Common Mistakes:" 
W1_Win=m*R*T*In(P2/P1) "Using C instead of K" 
W2_Win=m*T*(P2-P1) "Using wrong relation" 
W3_Win=R*(T+273)*In(P2/P1) "Not using mass flow rate" 
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7-209 


7-255 Air is to be compressed steadily and isentropically from 1 atm to 16 atm by a two-stage compressor. To minimize the 
total compression work, the intermediate pressure between the two stages must be 


(a) 3 atm (b) 4 atm (c) 8.5 atm (d) 9 atm (e) 12 atm 
Answer (b) 4 atm 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=1 "atm" 
P2=16 "atm" 
P_mid=SQRT(P1*P2) 


"Some Wrong Solutions with Common Mistakes:" 
W1_P=(P1+P2)/2 "Using average pressure" 
W2_P=P1*P2/2 "Half of product" 


7-256 Helium gas enters an adiabatic nozzle steadily at 500°C and 600 kPa with a low velocity, and exits at a pressure of 90 
kPa. The highest possible velocity of helium gas at the nozzle exit is 


(a) 1475 m/s (b) 1662 m/s (c) 1839 m/s (d) 2066 m/s (e) 3040 m/s 
Answer (d) 2066 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

Cp=5.1926 "kJ/kg.K" 

Cv=3.1156 "kJ/kg.K" 

T1=500 "C" 

P1=600 "kPa" 

Vel1=0 

P2=90 "kPa" 

"s2=s1 for maximum exit velocity" 

"The exit velocity will be highest for isentropic expansion,” 
T2=(T1+273)*(P2/P1)*((k-1)/k)-273 "C" 

“Energy balance for this case is h+ke=constant for the fluid stream (Q=W=pe=0)" 
(0.5*Vel1*2)/1000+Cp*T 1=(0.5*Vel2%2)/1000+Cp*T2 


"Some Wrong Solutions with Common Mistakes:" 
T2a=T1*(P2/P1)*((k-1)/k) "Using C for temperature" 
(0.5*Vel1*2)/1000+Cp*T 1=(0.5*W1_Vel2%2)/1000+Cp*T2a 
T2b=T1*(P2/P1)*((k-1)/k) "Using Cv" 
(0.5*Vel1*2)/1000+Cv*T1=(0.5*W2_Vel2%*2)/1000+Cv*T2b 
T2c=T1*(P2/P1)*k "Using wrong relation" 
(0.5*Vel1*2)/1000+Cp*T 1=(0.5*W3_Vel2*2)/1000+Cp*T2c 
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7-210 


7-257 Combustion gases with a specific heat ratio of 1.3 enter an adiabatic nozzle steadily at 800°C and 800 kPa with a low 
velocity, and exit at a pressure of 85 kPa. The lowest possible temperature of combustion gases at the nozzle exit is 


(a) 43°C (b) 237°C (c) 367°C (d) 477°C (e) 640°C 
Answer (c) 367°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.3 

T1=800 "C" 

P1=800 "kPa" 

P2=85 "kPa" 

"Nozzle exit temperature will be lowest for isentropic operation" 
T2=(T1+273)*(P2/P1)((k-1)/k)-273 


"Some Wrong Solutions with Common Mistakes:" 
W1_T2=T1*(P2/P1)*((k-1)/k) "Using C for temperature" 
W2_T2=(T1+273)*(P2/P1)*((k-1)/k) "Not converting the answer to C" 
W3_T2=T1*(P2/P1)*k "Using wrong relation" 


7-258 Steam enters an adiabatic turbine steadily at 400°C and 5 MPa, and leaves at 20 kPa. The highest possible percentage 
of mass of steam that condenses at the turbine exit and leaves the turbine as a liquid is 


(a) 4% (b) 8% (c) 12% (d) 18% (e) 0% 
Answer (d) 18% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=5000 "kPa" 

T1=400 "C" 

P2=20 "kPa" 

s2=s1 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
X2=QUALITY(Steam_IAPWS,s=s2,P=P2) 
moisture=1-x2 
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7-259 Liquid water enters an adiabatic piping system at 15°C at a rate of 8 kg/s. If the water temperature rises by 0.2°C 
during flow due to friction, the rate of entropy generation in the pipe is 


(a) 23 W/K (b) 55 W/K (c) 68 W/K (d) 220 W/K (e) 443 W/K 
Answer (a)23 W/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=4180 "J/kg.K" 

m=8 "kg/s" 

T1=15 "C" 

T2=15.2 "C" 
S_gen=m*Cp*In((T2+273)/(T1+273)) "W/K" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Sgen=m*Cp*In(T2/T1) "Using deg. C" 

W2_Sgen=Cp*In(T2/T1) "Not using mass flow rate with deg. C" 
W3_Sgen=Cp*In((T2+273)/(T1+273)) "Not using mass flow rate with deg. C" 


7-260 Liquid water is to be compressed by a pump whose isentropic efficiency is 75 percent from 0.2 MPa to 5 MPa at a 
rate of 0.15 m?/min. The required power input to this pump is 


(a) 4.8 kW (b) 6.4 kW (c) 9.0 kW (d) 16.0 kW (e) 12.0 kW 
Answer (d) 16.0 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=0.15/60 "m^3/s" 

rho=1000 "kg/m^3" 

v1=1/rho 

m=rho*V "kg/s" 

P1=200 "kPa" 

Eta_pump=0.75 

P2=5000 "kPa" 

"Reversible pump power input is w =mv(P2-P1) = V(P2-P1)" 
W_rev=m*v1*(P2-P1) "kPa.m%3/s=kW" 
W_pump=W_rev/Eta_pump 


"Some Wrong Solutions with Common Mistakes:" 
W1_Wpump=W_rev*Eta_pump "Multiplying by efficiency” 

W2_Wpump=W_rev "Disregarding efficiency" 
W3_Wpump=m*v1*(P2+P1)/Eta_pump "Adding pressures instead of subtracting" 
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7-261 Steam enters an adiabatic turbine at 8 MPa and 500°C at a rate of 18 kg/s, and exits at 0.2 MPa and 300°C. The rate 
of entropy generation in the turbine is 


(a) 0 kW/K (b) 7.2 kW/K (c) 21 kW/K (d) 15 kW/K (e) 17kW/K 
Answer (c) 21 kW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=8000 "kPa" 

T1=500 "C" 

m=18 "kg/s" 

P2=200 "kPa" 

T2=300 "C" 
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
s2=ENTROPY(Steam_IAPWS,T=T2,P=P2) 
S_gen=m*(s2-s1) "kW/K" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Sgen=0 "Assuming isentropic expansion” 


7-262 Helium gas is compressed steadily from 90 kPa and 25°C to 800 kPa at a rate of 2 kg/min by an adiabatic 
compressor. If the compressor consumes 80 kW of power while operating, the isentropic efficiency of this compressor is 


(a) 54.0% (b) 80.5% (c) 75.8% (d) 90.1% (e) 100% 
Answer (d) 90.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=5.1926 "kJ/kg-K" 
Cv=3.1156 "kJ/kg.K" 
k=1.667 

m=2/60 "kg/s" 

T1=25 "C" 

P1=90 "kPa" 

P2=800 "kPa" 
W_comp=80 "kW" 
T2s=(T1+273)*(P2/P1)*((k-1)/k)-273 
W_s=m*Cp*(T2s-T1) 
Eta_comp=W_s/W_comp 


"Some Wrong Solutions with Common Mistakes:" 
T2sA=T1*(P2/P1)*((k-1)/k) "Using C instead of K" 
W1_Eta_comp=m*Cp*(T2sA-T1)/W_comp 
W2_Eta_comp=m*Cv*(T2s-T1)/W_comp "Using Cv instead of Cp" 
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7-263 ... 7-268 Design and Essay Problems 
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8-1 
Solutions Manual for 
Thermodynamics: An Engineering Approach 
Seventh Edition 
Yunus A. Cengel, Michael A. Boles 
McGraw-Hill, 2011 


Chapter 8 


EXERGY - A MEASURE OF WORK 
POTENTIAL 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 
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8-2 


Exergy, Irreversibility, Reversible Work, and Second-Law Efficiency 


8-1C Reversible work and irreversibility are identical for processes that involve no actual useful work. 


8-2C The dead state. 


8-3C Yes; exergy is a function of the state of the surroundings as well as the state of the system. 


8-4C Useful work differs from the actual work by the surroundings work. They are identical for systems that involve no 
surroundings work such as steady-flow systems. 


8-5C Yes. 


8-6C No, not necessarily. The well with the higher temperature will have a higher exergy. 


8-7C The system that is at the temperature of the surroundings has zero exergy. But the system that is at a lower 
temperature than the surroundings has some exergy since we can run a heat engine between these two temperature levels. 


8-8C They would be identical. 


8-9C The second-law efficiency is a measure of the performance of a device relative to its performance under reversible 
conditions. It differs from the first law efficiency in that it is not a conversion efficiency. 


8-10C No. The power plant that has a lower thermal efficiency may have a higher second-law efficiency. 


8-11C No. The refrigerator that has a lower COP may have a higher second-law efficiency. 
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8-12C A processes with Wey = 0 is reversible if it involves no actual useful work. Otherwise it is irreversible. 


8-13C Yes. 


8-14 Windmills are to be installed at a location with steady winds to generate power. The minimum number of windmills 
that need to be installed is to be determined. 


Assumptions Air is at standard conditions of 1 atm and 25°C 
Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). 


Analysis The exergy or work potential of the blowing air is the kinetic energy it possesses, 


2 2 
1kJ/k 
E E = ONS | nE ) = 0.0180 kJ/kg 
2 2 1000 m^ /s — 
A 
At standard atmospheric conditions (25°C, 101 kPa), the density and — 
the mass flow rate of air are + 
<—— 
p= Re ee =1.18m?/kg 
RT (0.287 kPa - m” / kg - K)(298 K) 
and 
zD? 
m= pAV, =p V = (1.18 kg/m? )(z / 4)(20 m)? (6 m/s) = 2225 kg/s 
Thus, 


Available Power = mke = (2225 kg/s)(0.0180 kJ/kg) = 40.05 kW 
The minimum number of windmills that needs to be installed is 


— Woot _ 900kW 


N - 
W 40.05 kW 


= 22.5 = 23 windmills 
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8-4 


8-15E Saturated steam is generated in a boiler by transferring heat from the combustion gases. The wasted work potential 
associated with this heat transfer process is to be determined. Also, the effect of increasing the temperature of combustion 
gases on the irreversibility is to be discussed. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis The properties of water at the inlet and outlet of the boiler and at the dead state are (Tables A-4E through A-6E) 
P, = 200 psia hı = h; =355.46 Btu/Ibm 
x, =0 (sat. liq.) | sı =s p =0.54379 Btu/lbm:R q 

= : Sp Water 

P, =200psia =| hy = hy =1198.8 Btu/Ibm 00 vais — f 200 psia 
xX =1 (sat. vap.) | S2 =S; =1.5460 Btu/Ibm-R sat. lig. ——> sat. vap. 
Ty = 80°F hy = hy @sor = 48.07 Btu/lbm 
Py =14.7 psia | So = 5 f@sor = 9.09328 Btu/Ibm-R 

The heat transfer during the process is 


qin = h — h = 1198.8 — 355.46 = 843.3 Btu/Ibm 


The entropy generation associated with this process is 


Gin 


Sgen = As,, + ASp = (s2 a= 
Tr 


843.3 Btu/lbm 


= (1.5460 — 0.54379)Btu/lbm - R — 
(500 + 460)R 


= 0.12377 Btu/lbm-R 
The wasted work potential (exergy destruction is) 
= (80 + 460 R)(0.12377 Btu/lbm - R) = 66.8 Btu/lbm 


Xdest = ToS gen 


The work potential (exergy) of the steam stream is 


AY, =h -h -n (s2-s;) 
= (1198.8 — 355.46)Btu/lbm — (540 R)(1.5460 —0.54379)Btu/Ibm-R 
= 302.1 Btu/lbm 


Increasing the temperature of combustion gases does not effect the work potential of steam stream since it is determined by 
the states at which water enters and leaves the boiler. 


Discussion This problem may also be solved as follows: 


Exergy transfer by heat transfer: 
peat = 4 1-=2 |= safi - a) = 368.9 Btu/lbm 
Tr 960 


Exergy increase of steam: 
Ay,, = 302.1 Btu/Ibm 


The net exergy destruction: 


Xdest = Xneat — AY, = 368.9 — 302.1 = 66.8 Btullbm 
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8-5 


8-16 Water is to be pumped to a high elevation lake at times of low electric demand for use in a hydroelectric turbine at 
times of high demand. For a specified energy storage capacity, the minimum amount of water that needs to be stored in the 
lake is to be determined. 


Assumptions The evaporation of water from the lake is negligible. 


Analysis The exergy or work potential of the water is the potential energy it 
possesses, 


Exergy = PE=mgh 
Thus, 


„m= PE __5x10f kWh (22) aea 


_ 10 
h 2 muwe! MEN 
gh (9.8 m/s“ )(75 m) s/kg 


8-17 A body contains a specified amount of thermal energy at a specified temperature. The amount that can be converted to 
work is to be determined. 


Analysis The amount of heat that can be converted to work is simply 

the amount that a reversible heat engine can convert to work, 800 K 
T, 100 kJ 
N a 


=1 = 
11 th,rev Te 800K 
W iizont = W vev,out = N th,revQin 


= (0.6275)(100 kJ) Q98 KD 


= 62.75kJ 


8-18 The thermal efficiency of a heat engine operating between specified temperature limits is given. The second-law 
efficiency of a engine is to be determined. 


Analysis The thermal efficiency of a reversible heat engine operating 
between the same temperature reservoirs is 200°C 


To — 
7] th,rev =1- 0 J-E og @ 7th = 0.40 
i TH 1200 +273 K 


Ma _ 040 CD 


—— = 49.9% 
11 th,rev 0.801 


Thus, 


1 
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8-6 


8-19 A heat reservoir at a specified temperature can supply heat at a specified rate. The exergy of this heat supplied is to be 
determined. 


Analysis The exergy of the supplied heat, in the rate form, is the amount C1500 K> 
of power that would be produced by a reversible heat engine, 
To 298K 
Pe eel 1 = 0.8013 i 
7 th,max = 7th, Ty 1500K (HE) Wrey 
Exergy z W nax out = ae = 1] th,rev Oin 


= (0.8013)(150,000 / 3600 kJ/s) (298 K) 


= 33.4kW 


8-20 @® A heat engine receives heat from a source at a specified temperature at a specified rate, and rejects the waste 
heat to a sink. For a given power output, the reversible power, the rate of irreversibility, and the 2" law efficiency are to be 
determined. 


Analysis (a) The reversible power is the power produced by a reversible heat engine operating between the specified 
temperature limits, 


T 320K 
= =1-—=1- =0.7091 
1] th,max 1] th,rev Ty 1100K Ci100K > 
Wev out = Mh,revGin = (0.709 1)(400 kI/s) = 283.6 kW 400 KJ/s 
(b) The irreversibility rate is the difference between the reversible © 120 kW 


power and the actual power output: 


I= Wev, out — FPF uout 


= 283.6 —- 120 = 163.6 kW 


(c) The second law efficiency is determined from its definition, 


Waou 120k 
ny =—- = W_ _9.473=42.3% 


W, 283.6 kW 


rev,out 
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8-7 


EES 
8-21 Problem 8-20 is reconsidered. The effect of reducing the temperature at which the waste heat is rejected on the 
reversible power, the rate of irreversibility, and the second law efficiency is to be studied and the results are to be plotted. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_H= 1100 [K] 
Q_dot_H= 400 [kJ/s] 
{T_L=320 [K]} 
W_dot_out = 120 [kW] 
T_Lsurr =25 [C] 


"The reversible work is the maximum work done by the Carnot Engine between T_H and T_L:" 
Eta_Carnot=1 - T_L/T_H 
W_dot_rev=Q_dot_H*Eta_Carnot 


"The irreversibility is given as:" 
|_ dot = W_dot_rev-W_dot_out 


"The thermal efficiency is, in percent:" 
Eta_th = Eta_Carnot*Convert(, %) 


"The second law efficiency is, in percent:" 
Eta_ll = W_dot_out/W_dot_rev*Convert(, %) 


T. [K] Wrev [kJ/s] | [k/s] nu [%] 
500 218.2 98.18 55 
477.6 226.3 106.3 53.02 
455.1 234.5 114.5 51.17 
432.7 242.7 122.7 49.45 
410.2 250.8 130.8 47.84 
387.8 259 139 46.33 
365.3 267.2 147.2 44.92 
342.9 275.3 155.3 43.59 
320.4 283.5 163.5 42.33 
298 291.6 171.6 41.15 
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Wrey [kJ/s] 
N N NY NY NY YB NB NWN ND 
e N WwW à A odN © © 
oo O O O O O O OỌ 


275 320 365 410 455 500 
T, [K] 
180 
160 
a 
5 140 
=, 
120 
100 
275 320 365 410 455 500 
T, [K] 


nu [%] 
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8-22E The thermal efficiency and the second-law efficiency of a heat engine are given. The source temperature is to be 
determined. 


Analysis From the definition of the second law efficiency, 


n n 0.36 
Nu =— i > Mh rev == z 
11 th,rev 11 0.60 


Mn = 36% 
1u = 60% 
T; 


Marev =1 7 > Ty =T; I- Ma rev ) = (530 R)/0.40 = 1325 R 
H 


Thus, 


8-23 A house is maintained at a specified temperature by electric resistance heaters. The reversible work for this heating 
process and irreversibility are to be determined. 


Analysis The reversible work is the minimum work required to accomplish this process, and the irreversibility is the 
difference between the reversible work and the actual electrical work consumed. The actual power input is 


Wy = Òu = Ôp =50,000 kJ/h = 13.89 kW 
50,000 KJ/h 


The COP of a reversible heat pump operating between the 
specified temperature limits is 


1 1 


COP yp rev 7 = = 14.20 
"Y 1-T,/Ty  V= 277,05) 298.15 
4°C 

Thus, 

W evin = Qu _ 13:89 KW _ 9 p78 kw 

m <COPuy cs” 14.20 

and 

1 =W, in — Wovin = 13.89 — 0.978 = 12.91 kW 
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8-24E A freezer is maintained at a specified temperature by removing heat from it at a specified rate. The power 
consumption of the freezer is given. The reversible power, irreversibility, and the second-law efficiency are to be 
determined. 


Analysis (a) The reversible work is the minimum work required to accomplish this task, which is the work that a 
reversible refrigerator operating between the specified temperature limits would consume, 


1 1 


Coke re = = =8.73 
tev T,,/T,-1 535/480—1 r 
West Q;  _ 75Btu/min lhp —\=0.20hp 
, COP sey 8.73 42.41 Btu/min 


QR) 0.70 hp 
(b) The irreversibility is the difference between the reversible work and the 
actual electrical work consumed, 75 Btu/min 


Freezer 
20°F 


I= Wain W ev,in 


= 0.70 —0.20 = 0.50 hp 


(c) The second law efficiency is determined from its definition, 


W, 20h 
pier ee SNP yy ae, 
W,  0.7hp 


8-25 A geothermal power produces 5.1 MW power while the exergy destruction in the plant is 7.5 MW. The exergy of the 
geothermal water entering to the plant, the second-law efficiency of the plant, and the exergy of the heat rejected from the 
plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Water properties 
are used for geothermal water. 


Analysis (a) The properties of geothermal water at the inlet of the plant and at the dead state are (Tables A-4 through A-6) 
T, =150°C | h = 632.18 kJ/kg 
x, =0 sı =1.8418 kJ/kg.K 
Ty = 25°C| hy =104.83 kJ/kg 
Xo =0 So = 0.36723 kJ/kg.K 
The exergy of geothermal water entering the plant is 
Xin = rh, ho -To (s1 so] 
=(210 kg/s)[(632.18 — 104.83) kJ/kg — (25 + 273 K)(1.8418 — 0.36723)kJ/kg.K] 
= 18,460 kW = 18.46 MW 


(b) The second-law efficiency of the plant is the ratio of power produced to the exergy input to the plant 


yy = ot = SIOKW _ 0.276 =27.6% 
X. 18,460 kW 


in 


(c) The exergy of the heat rejected from the plant may be determined from an exergy balance on the plant 


X heat out = Xin — Wout — X dest = 18,460 — 5100 — 7500 = 5864 kW = 5.86 MW 


in 
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8-26 It is to be shown that the power produced by a wind turbine is proportional to the cube of the wind velocity and the 
square of the blade span diameter. 


Analysis The power produced by a wind turbine is proportional to the kinetic energy of the wind, which is equal to the 
product of the kinetic energy of air per unit mass and the mass flow rate of air through the blade span area. Therefore, 


Wind power = (Efficiency)(Kinetic energy)(Mass flow rate of air) 


y? V? aD?’ 
=n..., — (PAV )= ün; ; — 
1 wind 2 (e ) 1 wind 2 P 4 
372 
= wind P az = = (Constant)V * D? 


which completes the proof that wind power is proportional to the cube of the wind velocity and to the square of the blade 
span diameter. 
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Exergy Analysis of Closed Systems 


8-27C Yes, it can. For example, the Ist law efficiency of a reversible heat engine operating between the temperature limits 
of 300 K and 1000 K is 70%. However, the second law efficiency of this engine, like all reversible devices, is 100%. 


8-28 A fixed mass of helium undergoes a process from a specified state to another specified state. The increase in the useful 
energy potential of helium is to be determined. 


Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 
2 Helium has constant specific heats at room temperature. 


Properties The gas constant of helium is R = 2.0769 kJ/kg.K (Table A-1). The 
constant volume specific heat of helium is cy = 3.1156 kJ/kg.K (Table A-2). 


He 
Analysis From the ideal-gas entropy change relation, 8 kg 
288 K 
T 
Sq 7S1 = Cy avg In +RIn—2 
? Ti vi 
3 
; k 
= (3.1156 keg -K) in 22> = +. 2.0769 kIke-K) in 2S = 3.087 oke-K 


288K 3m/kg 


The increase in the useful potential of helium during this process is simply the increase in exergy, 


P= B= m(u, Ux) —To(s1 85) + P (vi -¥>)] 
=~(8 kg) {(3.1156 kJ/kg - K)(288 — 353) K — (298 K)(3.087 kJ/kg -K) 
+(100 kPa)(3—0.5)m? /kg[kJ/kPa -m° ]} 
= 6980 kJ 
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8-29E Air is expanded in an adiabatic closed system with an isentropic efficiency of 95%. The second law efficiency of the 
process is to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 The process is adiabatic, and thus there is no heat 
transfer. 3 Air is an ideal gas with constant specific heats. 

Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm:R, c, = 0.171 Btu/Ibm:R, k = 1.4, and R = 
0.06855 Btu/Ibm-R (Table A-2Ea). 


Analysis We take the air as the system. This is a closed system since no mass crosses the boundaries of the system. The 
energy balance for this system can be expressed as 


Ein T E out z AE system 
wiy 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-W5 ouw = AU = mc, (T, -T,) 


150 psia 
100°F 


The final temperature for the isentropic case is 


p \evie Bou 
Ta =T, 6 = (560 ofe) ~290.1R 


P, 150 psia 
The actual exit temperature from the isentropic relation is 
o- 
T E Ty, 


T, =T, —(T; -T>, ) = 560 — (0.95)(560 — 290.1) = 303.6 R 


The boundary work output is 
Wb out = Cy (T, — T3) = (0.171 Btu/lbm - R)(560 - 303.6)R = 43.84 Btu/lbm 


The entropy change of air is 


T. P. 
AS air =C, In 2 Rn- 
Ti P 


. 15 psi 
WGR ijas Biwa Hin E 
560R 150 psia 


= (0.240 Btu/Ibm- R)In 


= 0.01091 Btu/lbm-R 


The exergy difference between states 1 and 2 is 
Á- =u -=u +v — v)-Tolsi — 53) 


Te T 
=c (T-T )+ PR +- |- (s-s 
VT 2) i 4 olsi 2) 


560R 303.6R 
150psia 15 psia 


= 43.84 Btu/lbm + (14.7 psia)(0.06855 Btu/Ibm- Ry ) (537 R)(—0.01091 Btu/lbm- R) 


= 33.07 Btu/lbm 


The useful work is determined from 


T, T, 
Wy = Wp out ~ Wsur = Cei — 1) -RU — 4) =c - Th) na i) 
2 A 


= 43.84 Btu/Ibm — (14.7 psia)(0.06855 Btu/Ibm - a 2s Spe ) 


l5psia 150 psia 
= 27.21 Btu/lbm 
The second law efficiency is then 
w, _ 27.21 Btu/lbm _ 


= 0.823 
Ag 33.07 Btu/Ibm 


M1 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-14 
8-30E Air and helium at specified states are considered. The gas with the higher exergy content is to be identified. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air and helium are ideal gases with constant specific 
heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm:R, c, = 0.171 Btu/Ibm:R, k = 1.4, and R = 
0.06855 Btu/Ibm-R = 0.3704 psia-ft’/Ibm-R. For helium, Cp = 1.25 Btu/Ibm:R, c, = 0.753 Btu/Ibm:R, k = 1.667, and R = 
0.4961 Btu/Ibm-R= 2.6809 psia-ft*/Ibm-R. (Table A-2E). 


Analysis The mass of air in the system is 


PV (100 psia)(15 ft?) 


m= 5 = 5.704 Ibm Air, 
RT (0.3704 psia - ft”/lbm - R)(710 R) 15 ft 
100 psia 
The entropy change of air between the given state and the dead state is 250°F 
S—Sg=c, In t Rin = 
0 Po 
= (0.240 Btu/lbm- Rin 228 _ (0.06855 Btu/lbm- Ri oO PS 
537R 14.7 psia 


= —0.06441 Btu/lbm : R 


The air’s specific volumes at the given state and dead state are 


y — RT _ 0.3704 psia - ft? /Ibm - R)(710 R) 
P 100 psia 


= 2.630 ft?/Ibm 


RT, _ (0. ia - ft*/Ibm- 
Gee (0.3704 psia - ft leri R)(537R) _ 13.53 ft?/lbm 
Py 14.7 psia 


The specific closed system exergy of the air is then 
p=u—Uy + Py(¥— 9) —To(s — so) 
=cy(T —Ty) + Py(¥— 9) -To(s — so) 
i 3 1 Btu 
=(0.171 Btu/Ibm - R)(300 — 77)R + (14.7 psia)(2.630 — 13.53)ft° /Ibm| ——— 
5.404 psia - ft 
— (537 R)(—0.06441) Btu/Ibm -R 
= 34.52 Btu/Ibm 


The total exergy available in the air for the production of work is then 


© = m¢ = (5.704 lbm)(34.52 Btu/Ibm) = 197 Btu 


We now repeat the calculations for helium: 


? 3 
TE OOO EREA meet i = 0.6782 Ibm 
RT (2.6809 psia - ft?/Ibm - R)(660 R) 
S$—So=c,In 2 Rin £ 
To Py 
= (1.25 Btu/Ibm- Rin 2 _ (9.4961 Btu/Ibm- Ryne PS 
537R 14.7 psia 
= ~0.4400 Btu/Ibm- R 
Í 3 
JE RT _ (2.6809 psia - ft”/lbm - R)(660 R) _ 29.49 ft? /lbm 


P 60 psia 
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RT, _ (2.6809 psia ft" bm - RX(537R) 
Py 14.7 psia 


Vo = = 97.93 ft? /Ibm 


p=u-ug + Py(v—vy)-Ty(s— so) 
=c,(T -To)+ Po(v— 9) -To(s — so) 
= (0.753 Btu/lbm - R)(200 — 77)R + (14.7 psia)(29.49 — 97.93)f¢3 Ibm] ——P™ — 
5.404 psia - ft 
~ (537 R)(-0.4400) Btu/Ibm- R 
= 142.7 Btu/lbm 


© = m¢ = (0.6782 lbm)(142.7 Btu/Ibm) = 96.8 Btu 


Comparison of two results shows that the air system has a greater potential for the production of work. 
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8-31 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified. 
Assumptions Kinetic and potential energy changes are negligible. 
Analysis The properties of water at the given state and at the dead state are 
u = 2594.7 kJ/kg 
v =0.24720m*/kg (Table A-6) 
s =6.7155 kJ/kg -K 
ug =U f@2s°c = 104.83 kJ/kg 
Vo =Yp@osec = 0.001003 m*/kg (Table A-4) 
So =S p@r5°c = 0.3672 kI/kg-K 


P = 800 kPa 
T =180°C 


Ty =25°C 
P, =100 kPa 


The exergy of steam is 


® = mļu -uo +P (v -v)-T,(s-s0)] 


(2594.7 —104.83)kJ/kg + (100 kPa)(0.24720 — 0.001003)" /kg{ EE) 
1kPa-m 


= (1kg) 
- (298 K)(6.7155 — 0.3672)kJ/kg : K 
=622.7 kJ 


For R-134a; 


u = 386.99 kJ/kg 

v =0.044554m°/kg (Table A -13) 

s =1.3327 kJ/kg -K 

ug ZU p@osec = 85.85 kJ/kg 

Vo =Yp@osec = 0.0008286 m°/kg (Table A-11) 
So ŽS p@r5-c = 0.32432 kJ/kg -K 


P = 800 kPa 
T =180°C 


T) =25°C 
P, =100 kPa 


® = mļu -uo +P (v -v)-T,(s-s0)] 


(386.99 —85.85)kJ/kg + (100 kPa)(0.044554 — 0.0008286)m? /kg T 
=(lkg) 1kPa-m? 
~ (298 K)(1.3327 — 0.32432)kJ/kg -K 


= 5,02 kJ 


The steam can therefore has more work potential than the R-134a. 
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8-32 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant 


pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be 
determined. 


Assumptions The kinetic and potential energies are negligible. 


Properties From the refrigerant tables (Tables A-11 through A-13), 
v, = 0.034875 m° /kg 


P, =0.7 MPa 
u, =274.01 kJ/kg 
T, = 60°C 
sı =1.0256kJ/kg-K 
R-134a 
2 oc = 0.0008261 m? /k: 
PSI MPs) POr ee kE 0.7 MPa 
T, = 24°C Uy =U yp @rgec = 84.44 kJ/kg P= const. Q 
S3 S S p@zc = 0.31958 kJ/kg -K 
Vo =0.23718 m? /kg 
P, =0.1MPa 
Uy = 251.84 kJ/kg 
T) =24°C 


So = 1.1033 kJ/kg -K 
Analysis (a) From the closed system exergy relation, 
X, =®; = mfu, — 4p) Ty (s1 =s0)+ P Vi -v0)} 
= (5 kg) {(274.01— 251.84) kJ/kg — (297 K)(1.0256 — 1.1033) kJ/kg :K 


1k 
+ (100 kPa)(0.034875 — 0.2371 Sme) 
1kPa-m 


=125.1 kJ 


and 
X, =®, = mfu, —ugy)-Ty (S2 — 59) + Py (V2 — %)} 


= (5kg){(84.44 — 251.84) kJ/kg - (297 K)(0.31958—1.1033) kJ/kg -K 


1k. 
+(100 kPa)(0.0008261— 023718) | —*— 
1kPa-m 


= 208.6 kJ 


(b) The reversible work input, which represents the minimum work input Wye, in in this case can be determined from the 
exergy balance by setting the exergy destruction equal to zero, 


#0 (reversibk) _ 
Xin ~ Xout z X destroyed = AX, 


system 
uU—_—’ 
Net exergy trasfer Exergy Change 
by heat, work,and mass destructim in exergy 


Weevin = X2 -X = 208.6 -125.1 = 83.5 kJ 
Noting that the process involves only boundary work, the useful work input during this process is simply the boundary 
work in excess of the work done by the surrounding air, 
Wain = Win —Wsurr,in = Win —Po (V, -V,)= PY, -V,)—Pym(v, -v2) 
=m(P—P))(¥, -v2) 


= (5kg)(700 - 100 kPa)(0.034875 — 0.0008261 m? / tof | =102.1kJ 


Pa-m 


Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference 
between the two is determined from its definition to be 


X destroyed =[= Wain —W, =102.1 -83.5 = 18.6 kJ 


rev,in 
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8-33E An insulated rigid tank contains saturated liquid-vapor mixture of water at a specified pressure. An electric heater 
inside is turned on and kept on until all the liquid is vaporized. The exergy destruction and the second-law efficiency are to 
be determined. 


Assumptions Kinetic and potential energies are negligible. 
Properties From the steam tables (Tables A-4 through A-6) 
Vi =V; +X1V g =0.01708 + 0.25 x (11.901 — 0.01708) = 2.9880 ft? / Ibm 


Uy =U p + XU g =227.92+0.25x862.19 = 443.47 Btu / Ibm 
$1 =S; + x15 g = 0.38093 + 0.25% 1.30632 = 0.70751 Btu / Ibm- R 


P, =35 psia 
x, =0.25 


=1110.9 Btu/lbm 


= 1.5692 Btu/Ibm-R 


v, =v; | 42 5Y g @v,=2.9880 f/m 
So = 


sat. vapor S @v,=2.9880 ft bm 
Analysis (a) The irreversibility can be determined from its definition 
Xéestroyed = ToSgen Where the entropy generation is determined from an entropy 
balance on the tank, which is an insulated closed system, 


S in S out + S gen 7 AS system 
ae WK pee 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Sgen T AS system Z m(S> —s;) 
Substituting, 


X destroyed = ToS gen = mT (s2 =) 
= (6 lbm)(535 R)(1.5692 -0.70751)Btu/Ibm: R = 2766 Btu 


(b) Noting that V = constant during this process, the W and W, are identical and are determined from the energy balance on 
the closed system energy equation, 


Ein im E out AE system 
a eect 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein =AU = m(uy -u;) 


or, 


Wein = (6 Ibm)(1110.9 - 443.47)Btu/lbm = 4005 Btu 


Then the reversible work during this process and the second-law efficiency become 


Wevin = Wain —% destroyed = 4005-2766 = 1239 Btu 
Thus, 
a Wev _ 1239 Btu -30.9% 
W. 4005 Btu 


u 
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8-34 A rigid tank is divided into two equal parts by a partition. One part is filled with compressed liquid while the other 
side is evacuated. The partition is removed and water expands into the entire tank. The exergy destroyed during this process 
is to be determined. 


Assumptions Kinetic and potential energies are negligible. 
Analysis The properties of the water are (Tables A-4 through A-6) 
Vi =V @sorc = 0.001029 m° /kg 

Uy =U ¢@gorc = 334.97 kJ/kg 


P, =200kPa | 
S1 ZS pq@gorc = 1.0756 kJ/kg : K 


T, =80°C 


Noting that v, =2v, = 2 x 0.001029 =0.002058m° /kg , 


V, -vu = 
xy = LEMS _ 9.002058 = 0.001026 _ 9 0002584 


P, =40 kPa V iz 3.9933 — 0.001026 
Z Uy =U f + XU yy = 317.58 + 0.0002584 x 2158.8 = 318.14 kJ/kg 
v, =0.002058 m” / kg i 


S2 =S f + X2S g =1.0261 + 0.0002584 x 6.6430 = 1.0278 kJ/kg - K 


Taking the direction of heat transfer to be to the tank, the energy balance on this closed system becomes 


E in E out AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =AU = mtu, -u) 
or 
Qin = (4 kg)(318.14 — 334.97)kJ/kg = -67.30kJI —> Oo, = 67.30 kJ 


The irreversibility can be determined from its definition Xgestroyea = ToSgen Where the entropy generation is determined from 
an entropy balance on an extended system that includes the tank and its immediate surroundings so that the boundary 
temperature of the extended system is the temperature of the surroundings at all times, 


Si, —S = AS 


in out + S gen system 
—— —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qout pa pen 
OT + Ben = AS system =m(sz =o) 
b,out 
E Qout 
S gen = m(S> —5,)+ 
surr 
Substituting, 


Qou 
X destroyed z ToS gen E rl ms “a sı) + JA 


surr 


= (298 Kja kg)(1.0278 — 1.0756)kJ/kg -K + oe | 


=10.3kJ 
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> 
8-35 Problem 8-34 is reconsidered. The effect of final pressure in the tank on the exergy destroyed during the 
process is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


T_1=80 [C] 
1=200 [kPa] 


Pi 

T_surr = T_o 

"Conservation of energy for closed system is:" 
E_in-E_out = DELTAE 300 
DELTAE = m*(u_2 - u_1) b 
E_in=0 700 
E_out= Q_out j 
u_1 =intenergy(steam_iapws,P=P_ 
v_1 =volume(steam_iapws,P=P_1 
s_1 =entropy(steam_iapws,P=P_1 
v_2=2*v_1 

u_2 = intenergy(steam_iapws, v=v_2,P=P_2) 500. Piss 

s_2 = entropy(steam_iapws, v=v_2,P=P_2) L 

Sin -S_out+S_gen=DELTAS_sys 200 Pp 


S_in=0 [kJ/K] | 7 l iml | 
S_out=Q_out/(T_surr+273) 100 i ~ 
DELTAS_sys=m*(s_2 -s_1) ai l | | | - 


X_destroyed = (T_0+273)*S_gen 5 10 15 20 25 30 35 40 45 


i 
Ta a 
Ns a 
al a 

Qout [kJ] 

ol 
s 


P2 Xdestroyed Qout 80 À 
[kPa] [kJ] [kJ] 

5 74.41 788.4 70 ace 

10 64.4 571.9 i NG 

15 53.8 435.1 | 


20 43.85 | 332.9 F 50 PS 

25 34.61 | 250.5 = 

30 25.99 181 E40 PS 

35 17.91 120.7 £ 

40 10.3 67.15 $” NS 


45 3.091 18.95 Pl =e 
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8-36 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is heated 

electrically at constant pressure. The minimum work by which this process can be accomplished and the exergy destroyed 

are to be determined. 

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 

transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression or expansion 

process is quasi-equilibrium. 

Analysis (a) From the steam tables (Tables A-4 through A-6), 
Uy =U f@120kPa = 439.27 kJ / kg 


P, =120kPa ie =V @120kPa = 0.001047 m*/kg 
h =hy@i20Kpa = 439.36 kJ/kg 
S1 =S f@120kPa = 1.3609 kJ/kg : K 
The mass of the steam is 
oV 0.008m° 
vi 0.001047 m? /kg NS 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The energy 
balance for this stationary closed system can be expressed as 


sat. liquid Saturated 
Liquid 
H,O 
P = 120 kPa 


= 7.639 kg 


Ein E E out = AE system 
— — 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wein ~ Wo out =AU 


Win = mhz h) 

since AU + W, = AH during a constant pressure quasi-equilibrium process. Solving for ho, 

hy =h, + Mein — 439 36 + 1400) _ 659.63 kJ/kg 

m 7.639 kg 

Thus, 

ha —hy _ 622.63 — 439.36 

hg 2248.7 

Sy =S f + X38 g =1.3609 + 0.08168 x 5.93687 =1.8459 kJ/kg : K 

Uy =U yp + XU py =439.24 + 0.08168 x 2072.4 = 608.52 kJ/kg 

Vy =V f + XV g =0.001047 + 0.08168 x (1.4285 — 0.001047) = 0.1176 m°/kg 

The reversible work input, which represents the minimum work input Wy in in this case can be determined from the exergy 

balance by setting the exergy destruction equal to zero, 


x)= = 0.08168 


P, =120kPa 
hy = 622.63 kJ/kg 


70 (reversibk) _ D 
Xin i Xout E X destroyed = AX system = W vases > Xa = x 
— 
Net exergy trasfer Exergy Change 


by heat, work,and mass destructim in exergy 
Substituting the closed system exergy relation, the reversible work input during this process is determined to be 
W m[(u, Ux) -To (s1 s3) + Pavi = v2)] 


rev,in 7 


= ~(7.639 kg) {(439.27 — 608.52) kJ/kg — (298 K)(1.3609 — 1.8459) kJ/kg -K 


+ (100 kPa)(0.001047 — 0.1176)m? / kg[1 kJ/1 kPa - m?]} 


= 278 kJ 
(b) The exergy destruction (or irreversibility) associated with this process can be determined from its definition Xgestroyed = 
ToS gen Where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed 
system, 


Sin E S out + Dga = AS system 
aia 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
S sen g AS system = m(S> — 51) 
Substituting, 


X destroyed = ToS gen = MT (S3 — 51) = (298 K)(7.639 kg)(1.8459 — 1.3609)kJ/kg -K = 1104 kJ 
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EES 
8-37 Problem 8-36 is reconsidered. The effect of the amount of electrical work on the minimum work and the exergy 
destroyed is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


20 [kPa] 
] 


Ele = 1400 [kJ]} 
5 [C] 
00 [kPa] 


VAsSv<Ux 
N 
U 


"Conservation of energy for closed system is:" 
E_in-E_out = DELTAE 

DELTAE = m*(u_2 - u_1) 

E in=W_Ele 

E out=W_b 

W_b = m*P_1*(v_2-v_1) 


u_1 =intenergy(steam_iapws,P=P_1,x=x_1) 1750 ~ 
v_1 =volume(steam_iapws,P=P_1,x=x_1) i i 
s_1 =entropy(steam_iapws,P=P_1,x=x_1) izsl pa 
u_2 = intenergy(steam_iapws, v=v_2,P=P_2) H | 
s_2 = entropy(steam_iapws, v=v_2,P=P_2) [ ra J 
m=V*convert(L,m^3)/v_1 2 950l Ù 
W_rev_in=m*(u_2 -u_1 -(T_0+273.15) = [ 

*(s_2-s_1)+P_o*(v_2-v_1)) 3 f ra 

£ 550 
"Entropy Balance:" $ l P 
S_in - S_out+S_gen = DELTAS_sys PE ak 
DELTAS _sys =m*(s_2-s_1) F 
S_in=0 [kJ/K] F 
S_out= 0 [kJ/K] -250 se aaaea aťaaaťațaťaťamț‘an 
0 400 800 1200 1600 2000 


"The exergy destruction or irreversibility is:" 
X_destroyed = (T_0+273.15)*S_gen 


400 ——_—_.—_.___.—_. > + 1 1 a 

Were Wrev,in Xaestroyed H Pa 
[kJ] [kJ] [kJ] 350 
0 0 0 H ] 
200 39.68 157.8 300 P 
400 79.35 315.6 f 
600 119 473.3 mi 
800 | 158.7 | 631.1 -R 
1000 198.4 788.9 £ 
1200 | 238.1 | 946.7 Š s0 
1400 277.7 1104 = L 
1600 317.4 1262 100 
1800 357.1 1420 H J 
2000 396.8 1578 50 r 

(0) 

0 400 800 1200 1600 2000 


Wee [kJ] 
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8-38 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The refrigerant expands in 
a reversible manner until the pressure drops to a specified value. The change in the exergy of the refrigerant during this 
process and the reversible work are to be determined. 


Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated and thus heat 
transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The process is stated to be reversible. 


Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus sz = sı. From the refrigerant tables (Tables A-11 
through A-13), 


Vi =Ye@ogmpa = 0.02562 m° /kg 
uy = U o @0.8 MPa = 246.79 kJ/kg 


P | 
S1 = S o @ 0.8 MPa = 0.9183 kJ/kg -K 


sat. vapor 


The mass of the refrigerant is R-134a 


; 0.8 MPa 
v 0.05 m Reversible 


— =1.952kg 
vi 0.02562m° /kg 


52-8 _ 0.9183-0.15457 
S 0.78316 

| V, =V; +X3V p = 0.0007533 + 0.099867 x (0.099867 — 0.0007533) = 0.09741 m° /kg 
U =U p +X3U p =38.28 +0.9753x186.21 = 219.88 kJ/kg 


x)= = 0.9753 
P, =0.2 MPa 


S2 =S] 


The reversible work output, which represents the maximum work output Wev, out can be determined from the exergy balance 
by setting the exergy destruction equal to zero, 


#0 (reversibk) _ 

X in x out -xX destroyed = AX. system 

a 
Net exergy trasfer Exergy Change 

by heat, work,and mass destructim in exergy 

p W svi = Xa -X 

Wvo = x) -X, 

= -®, 


Therefore, the change in exergy and the reversible work are identical in this case. Using the definition of the closed system 
exergy and substituting, the reversible work is determined to be 


0 
=, -©, = mku, —uy)—Ty(s, -52)” +P (v, -v)|= mOn -u2)+P v; -v2)] 
= (1.952 kg)[(246.79 — 219.88) kJ/kg + (100 kPa)(0.02562 — 0.09741)m? / kg[kJ/kPa - m°] 
= 38.5 kJ 


W 


rev,out 
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8-39E Oxygen gas is compressed from a specified initial state to a final specified state. The reversible work and the 
increase in the exergy of the oxygen during this process are to be determined. 


Assumptions At specified conditions, oxygen can be treated as an ideal gas with constant specific heats. 


Properties The gas constant of oxygen is R = 0.06206 Btu/lbm.R (Table A-1E). The constant-volume specific heat of 
oxygen at the average temperature is 


Tyg = (T, + Ty) / 2 = (75 +525) /2 =300°F —> cy wy = 0.164 Btu/lbm-R 


v,avg 


Analysis The entropy change of oxygen is 


T. 
89-81 =Cy avg Inf > +R Inl “2 O> 
i “i 12 ft?/lbm 
sie 75°F 
= (0.164 Btu/lbm-R) In| 285 Ht (0.06206 Btu/Ibm R) In| +58 Pm 
535R 12 ft3/Ibm 


= —0.02894 Btu/lbm-R 


The reversible work input, which represents the minimum work input W,e, in in this case can be determined from the exergy 
balance by setting the exergy destruction equal to zero, 


70 (reversibk) _ A 
Xin = X out T. A destroyed F AX system > Wievin = Xa = x 
— —_ 
Net exergy trasfer Exergy Change 


by heat, work,and mass destructim in exergy 


Therefore, the change in exergy and the reversible work are identical in this case. Substituting the closed system exergy 
relation, the reversible work input during this process is determined to be 


Wrev,in = $2 — 9 = (u; -u2)-To(s1 — 52) + Po (v —42)] 
= —{(0.164 Btu/Ibm- R)(535 -985)R — (535 R)(0.02894 Btu/Ibm- R) 
+(14.7 psia)(12 -1.5)ft? /Ibm[Btu/5.4039 psia - ft? ]} 
= 60.7 Btu/lbm 


Also, the increase in the exergy of oxygen is 


P2 — 9, = Wreyin = 60.7 Btu/Ibm 
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8-40 A cylinder initially contains air at atmospheric conditions. Air is compressed to a specified state and the useful work 


input is measured. The exergy of the air at the initial and final states, and the minimum work input to accomplish this 


compression process, and the second-law efficiency are to be determined 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 The kinetic and potential energies are negligible. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heats of air at the average 


temperature of (298+423)/2=360 K are c, = 1.009 kJ/kg-K and c,= 0.722 kJ/kg:K (Table A-2). 


Analysis (a) We realize that X, = ®, = 0 since air initially is at the dead state. The mass of air is 


PV ; ? 
R aC 002 m*) - 0.00234 ke 
RT, (0.287 kPa -m° / kg: K)(298 K) 
Also, 
PV. PY, PT. 
zh i >V,-124, = (100 KPa oi 0a 
To T P,T, ' (600 kPa)(298 K) Aik 
and Y=2L 
P, = 100 kPa 
T. P. — 960 
S2 -S0 =C p avg a kin T1 =25°C 
0 
423K 600 kPa 


= (1.009 KJ/kg - K) In 225 — (0.287 kJ/kg- K) In 
( shin oeK | e K In ona 


= —0.1608 kJ/kg -K 
Thus, the exergy of air at the final state is 
X, =0@,= m|cv avg (T3 -To)-To (s2 sy) |+ PV -Y) 
= (0.00234 kg)[(0.722 kJ/kg -K)(423 - 298)K - (298 K)(-0.1608 kJ/kg - K)] 


+ (100 kPa)(0.000473 -0.002)m?[kJ/m? - kPa] 
= 0.171 kJ 


(b) The minimum work input is the reversible work input, which can be determined from the exergy balance by setting the 


exergy destruction equal to zero, 


70 (reversibk) _ 
xX; in xX, out -xX destroyed =AX, system 
— —_ 
Netexergy trasfer Exergy Change 
by heat, work,and mass destructim in exergy 
Wiera =X, -X 


=0.171-0 = 0.171kJ 
(c) The second-law efficiency of this process is 


W; 
pe et = OTUs aay 
Wa 120 


u, in 
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8-41 An insulated tank contains CO) gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and 
the pressure and temperature of CO, rises. The actual paddle-wheel work and the minimum paddle-wheel work by which 
this process can be accomplished are to be determined. 


Assumptions 1 At specified conditions, CO, can be treated as an ideal gas with 
constant specific heats at the average temperature. 2 The surroundings 
temperature is 298 K. 


Properties The gas constant of CO, is 0.1889 kJ/kg-K (Table A-1) 


Analysis (a) The initial and final temperature of CO, are 


PY, 100kPa)(1.2 m? 

gaai COTS z) =298.2K 
mR (2.13kg)(0.1889 kPa -m° /kg-K) 
PV. 120 kPa)(1.2 m° 

T, == eee) =357.9K 


mR (2.13kg)(0.1889kPa-m? /kg-K) 


Tyyg = (T, +T3)/ 2 = (298.2 +357.9) / 2 = 328K —> Cy avg = 0.684 kI/kg-K (Table A-2b) 


v,avg 
The actual paddle-wheel work done is determined from the energy balance on the CO gas in the tank, 


We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. The 
energy balance for this stationary closed system can be expressed as 


Ein = E out = AE system 
SS 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
W sii =AU =mc,(T, -T,) 


or 


W win = (2-13 kg)(0.684 kJ/kg - K)(357.9—298.2)K = 87.0kJ 


(b) The minimum paddle-wheel work with which this process can be accomplished is the reversible work, 


which can be determined from the exergy balance by setting the exergy destruction equal to zero, 


70 (reversibk) _ _ 
Xin z X out = X destroyed = AX system => Wevin T Xa = x; 
— 
Net exergy trasfer Exergy Change 


by heat, work,and mass destructim in exergy 


Substituting the closed system exergy relation, the reversible work input for this process is determined to be 


=ml(uy —u;)-To (s2 -s,)+ PUF -v| 


W evin 
= Mcv ave (Tr -=T,)-To(s2 -s,)| 
= (2.13 kg)|(0.684 kJ/kg -K)(357.9 — 298.2)K — (298.2)(0.1253 kJ/kg - k)] 
= 7.74 kJ 
since 
T. 
S2751 = Cy avg In + Rmn D = (0.684 kJ/kg - K) inf 332 4 = 0.1253 kJ/kg-K 
: T, vi 298.2 K 
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8-42 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder is turned on, and 


air is heated for 10 min at constant pressure. The exergy destruction during this process is to be determined. 
Assumptions Air is an ideal gas with variable specific heats. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis The mass of the air and the electrical work done during this process are 


PY, 3 
ae (140 KPay(0.020.m!) ee 
RT, (0.287kPa - m3/kg - K)(300 K) 
W, =W.At = (0.100 kI/s)(10x 60s) = 60 kJ ues 
140 kPa W, 
Also, P = const 


T, =300 K —> h =300.19kJ/kg and s? =1.70202 kJ/kg -K 


The energy balance for this stationary closed system can be expressed as 


Ein E E out F AE system 
a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Wein io Wout =AU 
Wein = mh, =h) 
since AU + W, = AH during a constant pressure quasi-equilibrium process. Thus, 


ue wea? . T=1915K 
hahi 2 = 30019 ¢— ei ap aie — Tea 2 
m 0.03250 kg s9 =3.7452 kJ/kg -K 


Also, 


#0 
P. 
Sy —5, =S) =S) au | =s} — s? =3.7452 — 1.70202 = 2.0432 kJ/kg -K 
P, 


The exergy destruction (or irreversibility) associated with this process can be determined from its definition Xgestroyed = 
ToSgen Where the entropy generation is determined from an entropy balance on the cylinder, which is an insulated closed 


system, 
Sin = Sout + Seka = AS system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
S gen = AS system = m(S5 =s) 
Substituting, 


X destroyed = To Sgen = MTo (S3 — s1) = (0.03250 kg)(300 K)(2.0432 kJ/kg : K)=19.9 kJ 
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8-43 One side of a partitioned insulated rigid tank contains argon gas at a specified temperature and pressure while the 
other side is evacuated. The partition is removed, and the gas fills the entire tank. The exergy destroyed during this process 
is to be determined. 


Assumptions Argon is an ideal gas with constant specific heats, and thus ideal gas relations apply. 
Properties The gas constant of argon is R = 0.2081 kJ/kg.K (Table A-1). 


Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as 


E in E out 7 system 
—— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0 = AU = m(u, =u) -1:1300 KPa -ii| Vacuum 
w= > R= 3 


A 


since u = u(T) for an ideal gas. 


The exergy destruction (or irreversibility) associated with this process can be determined from its definition 
Xéestroyed = ToSgen Where the entropy generation is determined from an entropy balance on the entire tank, which is an 
insulated closed system, 


S in S out + S gen 7 AS system 

— YY KH— r 
Net entropy transfer Entropy Change 

by heat and mass generation in entropy 


S sen z AS system F: m(sz —51) 


where 


T v. 
AS system = M(S2 — 81) = M| Cy avg n+ Rin— |= mRIn— 
1 1 


= (3kg)(0.2081 kJ/kg -K) In(2) = 0.433 KJ/K 


Substituting, 


X destroyed = ToS yen = MTy (S3 — 81) = (298 K)(0.433 kI/K) = 129 kJ 


gen 
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8-44E A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of the tank and the 
work potential wasted during this process are to be determined. 


Assumptions 1 Both the water and the copper block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 


Properties The density and specific heat of water at the anticipated average temperature of 90°F are p = 62.1 lbm/ft* and 
Cp = 1.00 Btu/Ibm.°F. The specific heat of copper at the anticipated average temperature of 100°F is c, = 0.0925 Btu/lbm.°F 
(Table A-3E). 


Analysis (a) We take the entire contents of the tank, water + copper block, as the system, which is a closed system. The 
energy balance for this system can be expressed as 


E in E out = AE system 
aama 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=AU 
or 
Moa + AU water =0 
[mc(T, = Ti Yeu F [me(T, = Ti )Jwater =0 
where 
m,, = pV =(62.1 Ibm/ft* )(1.2 ft?) = 74.52 Ibm 
Substituting, 


0 = (55 Ibm)(0.0925 Btu/Ibm - °F)(7, — 180°F) + (74.52 lbm)(1.0 Btu/Ibm - °F)(T, — 75°F) 
T, = 81.7°F =541.7R 
(b) The wasted work potential is equivalent to the exergy destruction (or irreversibility), and it can be determined from its 
definition Xgestroyea = ToS gen Where the entropy generation is determined from an entropy balance on the system, which is an 
insulated closed system, 
Sin “Oout E Sson = AS 
= 


SS —— — 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


system 


S yen = AS system = AS water T AS copper 


where 
T 41.7R 
AS sopper = MCayg In 2 |= (55 lbm)(0.092 Btu/Ibm - R) f? i = —0.8483 Btu/R 
T 640R 
T. TR 
AS water = MCavg IN| 2 |= (74.52 Ibm) (1.0 Btu/lbm - R) nf Au )- 0.9250 Btu/R 
T 535R 
Substituting, 


X destroyed = (535 R)(—0.8483 + 0.9250)Btu/R = 43.1 Btu 
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8-45 A hot iron block is dropped into water in an insulated tank that is stirred by a paddle-wheel. The mass of the iron 
block and the exergy destroyed during this process are to be determined. V 


Assumptions 1 Both the water and the iron block are incompressible substances with constant specific heats at room 
temperature. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The tank is well- 
insulated and thus there is no heat transfer. 


Properties The density and specific heat of water at 25°C are p = 997 kg/m’ and Cp = 4.18 kJ/kg.°F. The specific heat of 
iron at room temperature (the only value available in the tables) is c, = 0.45 kJ/kg.°C (Table A-3). 


Analysis We take the entire contents of the tank, water + iron block, as the system, which is a closed system. The energy 
balance for this system can be expressed as 


Ein -E wut = AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
W one =AU = AU iron + AU water 
W pwin =[me(T, -T iron + lez -T )]water 
where 
Mater = PV = (997 kg/m? (0.1 m+) = 99.7 kg 
Woy = Woy in At = (0.2 kI/s)(20 x 60 s) = 240 kJ 
Substituting, 
240 KJ = Miron (0.45 kJ/kg «°C)(24 —85)°C + (99.7 kg)(4.18 kJ/kg -°C)(24— 20)°C 
Miron = 52.0 kg 


(b) The exergy destruction (or irreversibility) can be determined from its definition Xgestroyea = ToSgen Where the entropy 
generation is determined from an entropy balance on the system, which is an insulated closed system, 


Sin > Sout + Sge = AS system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
S gen 7 AS system 7 AS iron + AS water 
where 
É 297K 
AS jon = MCayg In| — | = (52.0 kg)(0.45 kJ/kg - K) In = —4.371 kJ/K 
iron avg 6 ( g)( g:K) (2) 
T. 297K 
AS = mc In| — | = (99.7 kg)(4.18 kJ/kg - K) In| 4— | =5.651kJ/K 
water avg [2 ) ( g)( 8 ) (= £) 
Substituting, 


X destroyed = ToS gen = (293 K)(—4.371+ 5.651) KJ/K = 375.0kJ 
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8-46 An iron block and a copper block are dropped into a large lake where they cool to lake temperature. The amount of 
work that could have been produced is to be determined. 


Assumptions 1 The iron and copper blocks and water are incompressible substances with constant specific heats at room 
temperature. 2 Kinetic and potential energies are negligible. 


Properties The specific heats of iron and copper at room temperature are Cp, iron = 0.45 kJ/kg.°C and Cp copper = 0.386 
kJ/kg.°C (Table A-3). 


Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron and the copper 
blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established. 


We take both the iron and the copper blocks as the system, which is a closed system. The energy balance for this 
system can be expressed as 


Ein =E ut = AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
7 Qout =AU = AU icon + AU sopper 

or, 

Qout = [me(T, = T, Jiron F [mec(T, Z T, )] copper 
Substituting, 

Oont = (50 kg)(0.45 kJ/kg - K X353 —288)K + (20 kg)(0.386 kJ/kg - K {353 —288)K 

=1964 kJ 


The work that could have been produced is equal to the wasted work potential. It is equivalent to the exergy destruction (or 
irreversibility), and it can be determined from its definition XGestroyed = ToSgen . The entropy generation is determined from an 
entropy balance on an extended system that includes the blocks and the water in their immediate surroundings so that the 
boundary temperature of the extended system is the temperature of the lake water at all times, 


Sin Sot + Soon = AS 


in out gen system 
ag) — 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qout pas = 
= T W Sgen = AS system z AS ion +t AS copper 
b,out 
Qout 
Sven = AS iron + AS copper + T. 
lake 


where 
T. 288 K 
AS iron = MCay In| — | = (50 kgX0.45 kJ/kg -K )In| ——— |= -4.579 kJ/K 
mov meng I 2} =(50 eŅo.45 kg K) Hf EE 
T» 288 K 
AS sopper = MCavg n2) = (20 kg (0.386 kJ/kg -K) nf = -1.571 kJ/K 
Substituting, 


1964 kJ 
X destroyed = ToS gen = (293 of 4.579—1.571+ 288 K 


Jux =196 kJ 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-32 
8-47E A rigid tank is initially filled with saturated mixture of R-134a. Heat is transferred to the tank from a source until the 


pressure inside rises to a specified value. The amount of heat transfer to the tank from the source and the exergy destroyed 
are to be determined. 


Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There is no heat transfer 
with the environment. 


Properties From the refrigerant tables (Tables A-11E through A-13E), 


P =40psin) Mt TYS +Y = 21.246 + 0.55%77.307 = 63.76 Btu / Tom 

= sla j j 

we | S4 =S +245 p = 0.04688 + 0.55 x 0.17580 = 0.1436 Btu / Ibm- R 
Vi =p +XV g =0.01232+0.55x1.16368 = 0.65234 ft? / Ibm 


x, =0.55 


„_ ALE TMF _ 0.65234 -0.01270 
2 
P, = 60 mi Vie 0.79361—0.01270 


= 0.8191 


S3 =S f + X35 g = 0.06029 +0.8191x 0.16098 = 0.1922 Btu/lbm-R 


(v, =v) 
Uy =U s XU p = 27.939 +0.8191x 73.360 = 88.03 Btu/lbm 


Analysis (a) The mass of the refrigerant is 


3 S 
m= =— PE __ig.401bm a 
Vi 0.65234 ft° /Ibm 


We take the tank as the system, which is a closed system. The energy 


Q 
balance for this stationary closed system can be expressed as 
E in E out = AE system 
—— 


Net energy transfer 


Change in internal, kinetic, 
by heat, work, and mass 


potential, etc. energies 
Qin =AU = m(u, =u) 
Substituting, 


Qin = m(u —u;) = (18.40 lbm)(88.03 - 63.76) Btu/lbm = 446.3 Btu 


(b) The exergy destruction (or irreversibility) can be determined from its definition Xaestroyed = ToSgen . The entropy 
generation is determined from an entropy balance on an extended system that includes the tank and the region in its 


immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is the source 
temperature, 


Sin = Sout + S sen = AS System 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


b,in 


+ Sosa = AS system =m(S> —51), 


Qi 
Sgen =m(s3 ae S 


source 


Substituting, 


X destroyed = ToS gen = (535 R1840 lbm)(0.1922 — 0.1436)Btu/lbm - R — sau =66.5 Btu 
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8-33 
8-48 Chickens are to be cooled by chilled water in an immersion chiller that is also gaining heat from the surroundings. The 
rate of heat removal from the chicken and the rate of exergy destruction during this process are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Thermal properties of chickens and water are constant. 3 The 
temperature of the surrounding medium is 25°C. 
Properties The specific heat of chicken is given to be 3.54 kJ/kg.°C. The specific heat of water at room temperature is 4.18 
kJ/kg.°C (Table A-3). 
Analysis (a) Chickens are dropped into the chiller at a rate of 700 per hour. Therefore, chickens can be considered to flow 
steadily through the chiller at a mass flow rate of 

M chicken = (700 chicken/h)(1.6 kg/chicken) = 1120 kg/h = 0.3111 kg/s 

Taking the chicken flow stream in the chiller as the system, the energy balance for steadily flowing chickens can be 


expressed in the rate form as 
70 (steady) 


En-Eot = NB =0 > En =E 
e 

Rate of net energy transfer Rate of change in internal, kinetic, 

by heat, work, and mass potential, etc. energies 


mh, =Ò +h, (since Ake = Ape = 0) 
Os = O shikon = M chicken€ p (T, -T,) 
Then the rate of heat removal from the chickens as they are cooled from 15°C to 3°C becomes 
Odie =(mc , AT) chicken = (0.3111 kg/s)(3.54 kI/kg.° C)(15 — 3)° C = 13.22 kW 
The chiller gains heat from the surroundings as a rate of 200 kJ/h = 0.0556 kJ/s. Then the total rate of heat gain by the 
water 1s 
Ovrater = Qenicken + Oneat gain = 13.22 kW + (400/3600) kW =13.33kW 


Noting that the temperature rise of water is not to exceed 2°C as it flows through the chiller, the mass flow rate of water 
must be at least 


O 13.33 kW 


M water = = —____—________ =1.594 kg/s 
(c,AT) (4.18 kJ/kg.? C)(2°C) 


water 
(b) The exergy destruction can be determined from its definition Xaestroyed = ToS gen. The rate of entropy generation during 
this chilling process is determined by applying the rate form of the entropy balance on an extended system that includes the 
chiller and the immediate surroundings so that the boundary temperature is the surroundings temperature: 


; ; : _ Ae #0 (steady) 
S in S out + S gen a AS system 
onn 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
Qin 


mısı +353 M784 M354 + + Sgen =0 


surr 


` ; : : in : _ 
Mehicken $1 F MwaterS3 ~ Mehicken $2 7 "water S4 + + Sgen =0 
T, surr 


Sgen = Mehicken (s2 =s;) +M water (s4 — 83 ) = 
surr 


Noting that both streams are incompressible substances, the rate of entropy generation is determined to be 


T. T Q; 
Dai 2 5 4 in 
en — / chicken© p n7 + M water? p na ~ T 


surr 


Ss 


275.5 (400/3600) kW 
273.5 298K 


= (0.3111 kg/s)(3.54 kI/kg.K) In a + (1.594 kg/s)(4.18 kJ/kg.K) In 


= 0.001306 kW/K 
Finally, 


X destroyed = To Sgen = (298 K)(0.001306 kW/K) = 0.389 kW 
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8-49 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in 
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of exergy 
destruction due to this heat transfer are to be determined. 


Assumptions | The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3 
The balls are at a uniform temperature at the end of the process. 


Properties The density and specific heat of the balls are given to be p = 7833 kg/m? and Cp = 0.465 kJ/kg.°C. 
Analysis (a) We take a single ball as the system. The energy balance for this closed system can be expressed as 


Bin mo = 


system 
u—_—_— 
Net energy transfer Change in internal, kinetic, Air, 35°C 
by heat, work, and mass potential, etc. energies Furnace 


Steel ball 100°C 


—Qout = AU pan = (Uz =u) 
Qout = mc, (T = T>) 
The amount of heat transfer from a single ball is 


3 
zoow =0.00210kg 


m= pV = pe = (7833 kg/m?) 
Qout = mMc (T; -T3 ) = (0.0021 kg)(0.465 kI/kg.°C)(900 —100)°C = 781 J = 0.781 kJ (per ball) 
Then the total rate of heat transfer from the balls to the ambient air becomes 
Out =MpanQout = (1200 balls/h) x (0.781 kJ/ball) = 936 kJ/h = 260 W 


(b) The exergy destruction (or irreversibility) can be determined from its definition Xgestroyea = ToS gen. The entropy generated 
during this process can be determined by applying an entropy balance on an extended system that includes the ball and its 
immediate surroundings so that the boundary temperature of the extended system is at 35°C at all times: 


Sin = Sout ig Sgen = AS system 
ne) 


— — 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
= Ea + S gen = AS system E D gcn = Ge a AS system 
b b 
where 
T; 100+ 273 
AS, = m(s, —s,)=mc, In— = (0.00210 kg)(0.465 kJ/kg.K) ln ————— = -0,00112 kJ/K 
system ( 2 1) p T, ( g)( 8 ) 900 +273 
Substituting, 
Saon = Lon AS ysiem = — KI 0.00112 KJ/K = 0.00142 kI/K (per ball) 


b 
Then the rate of entropy generation becomes 


S gen = Sgen Äran = (0.00142 KJ/K - ball)(1200 balls/h) = 1.704 kJ/h.K = 0.000473 kW/K 


Finally, 
X destroyed = ToS gen = (308 K)(0.000473 kW/K) = 0.146 kW = 146 W 
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8-35 
8-50 Heat is transferred to a piston-cylinder device with a set of stops. The work done, the heat transfer, the exergy 
destroyed, and the second-law efficiency are to be determined. 
Assumptions 1 The device is stationary and kinetic and potential energy changes are zero. 2 There is no friction between 
the piston and the cylinder. 3 Heat is transferred to the refrigerant from a source at 150°C. 
Analysis (a) The properties of the refrigerant at the initial and final states are (Tables A-11 through A-13) 


P, =120 kPa) “1 = 919390 m°*/kg 
= 248.51 kJ/k 
T, =20°C hi 8 

1 s, =1.0760 kJ/kg.K 


P, =140 kPa } ”2 =0.20847 m*/kg 
he = 305.38 kJ/kg 


T, =90°C 
í s, =1.2553 kI/kg.K P 
Noting that pressure remains constant at 140 kPa as the piston 1 2 0 a 


moves, the boundary work is determined to be 
W, out = MP, (V3 — v1) = (0.75 kg)(140 kPa)(0.20847 — 0.19390)m3/kg = 1.53 kJ 


(b) The heat transfer can be determined from an energy balance on the system 
Qn = m(uz Uy) +W, ou = (0.75 kg)(805.38 — 248.5 1)kI/kg +1.53 kJ = 44.2 kJ 


(c) The exergy destruction associated with this process can be determined from its definition Xaestroyea = ToSgen . The entropy 
generation is determined from an entropy balance on an extended system that includes the piston-cylinder device and the 
region in its immediate surroundings so that the boundary temperature of the extended system where heat transfer occurs is 
the source temperature, 


20°C 


Sin ~ Sout + Sgen = AS system 
ka= — — 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qin = = 
+S gen = AS system = m(S> =5;) > 
b,in 
Qin 
Sgen z m(S> =, )= 
source 
Substituting, 
X =T)S,.. = (298 K)| (0.75 kg)(1.2553 -1.0760)kJ/kg -K - 429 _|= 8.935 1J 
destroyed 0” gen ý BU. g 8 150+273K ` 


(d) Exergy expended is the work potential of the heat extracted from the source at 150°C, 


T 25+273K 
X =X,= =|1-—_ |Q =| 1-——~——- (44.2 kJ) = 13.06 kJ 
expended Q Min revO | R Je í 1504+273 =| ) 


Then the 2™ law efficiency becomes 


y, = Z eoveed = X destroyed _} _ 8.935 KJ 
ae ener X 13.06 kJ 
Discussion The second-law efficiency can also be determine as follows: 
The exergy increase of the refrigerant is the exergy difference between the initial and final states, 
AX =mļu, Uy —Ty (87 — 51) + Po (V3 v,)] 
= (0.75 kg)|(305.38 ~248.51)kJ/kg — (298 K)(1.2553—1.0760)kg.K + (100 kPa)(0.20847 -0.19390)m°/kg] 
=3.666 kJ 
The useful work output for the process is 
W aout = Wb, out — MPa (V2 — v1) =1.53 kJ — (0.75 kg)(100 kPa)(0.20847 — 0.19390)m?/kg = 0.437 kJ 
The exergy recovered is the sum of the exergy increase of the refrigerant and the useful work output, 
X = AX +W aout = 3-666 + 0.437 = 4.103 kJ 
Then the second-law efficiency becomes 
X recovered _ 4.103 kJ 
X ~ 13.06 kJ 


= 0.316 or 31.6% 


expended 


recovered 


Ny = =0.314 or 31.4% 


expended 
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8-51 A tank containing hot water is placed in a larger tank. The amount of heat lost to the surroundings and the exergy 
destruction during the process are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
larger tank is well-sealed. 


Properties The properties of air at room temperature are R = 0.287 kPa.m*/kg.K, Cp = 1.005 kJ/kg.K, cy= 0.718 kJ/kg.K 
(Table A-2). The properties of water at room temperature are p = 997 kg/m’, c,, = 4.18 kJ/kg.K (Table A-3). 


Analysis (a) The final volume of the air in the tank is 


V, =V,,-V,, =0.04—0.015 = 0.025 m° 


The mass of the air in the large tank is 


ee (100 kPa)(0.04 m?) 
RT, (0.287 kPa -m°/kg - K)(22 + 273 K) 


= 0.04724 kg 


a 


The pressure of air at the final state is 


_ mgRT yz _ (0.04724kg)(0.287 kPa -m?/kg: K)(44+ 273 K) 


v, ae =171.9kPa 


Py 


The mass of water is 
m, = p,V,, = (997 kg/m? )(0.015m?*) = 14.96 kg 
An energy balance on the system consisting of water and air is used to determine heat lost to the surroundings 


Qout = —[m,,c,,(T, = Twi) + mc, (1) ~ al 
= ~(14.96 kg)(4.18 kJ/kg.K)(44 — 85) — (0.04724 kg)(0.718 kI/kg.K)(44 — 22) 
= 2563 kJ 


(b) An exergy balance written on the (system + immediate surroundings) can be used to determine exergy destruction. But 
we first determine entropy and internal energy changes 


T, 273) K 
ami n idade k dekn ADR _ 9 okk 
T (44+273)K 
T. P 
AS, -nder In = — R In — | 
T 
2 2 
22+273)K 
= (0.04724 kg)| (1.005 kJ/kg.K)in 224279) K _ (0.287 kJ/kg.K)in 100 KPa 
(44 +273) K 171.9kPa 


= 0.003931 kJ/K 


AU „ = m„c„(T,„ — Ty) = (14.96 kg)(4.18 kJ/kg.K)(85 - 44)K = 2564 kJ 
AU, = m,Cy(Tiq — Ty) = (0.04724 kg)(0.718 kI/kg.K)(22 - 44)K = -0.7462 kJ 


X dest = AX, +AX, 
=AU,, —TAS,, +AU,- TAS, 
= 2564 kJ — (295 K)(7.6059 kJ/K) + (-0.7462 kJ) — (295 K)(0.003931 kJ/K) 
= 318.4kJ 
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Exergy Analysis of Control Volumes 


8-52 R-134a is is throttled from a specified state to a specified pressure. The temperature of R-134a at the outlet of the 
expansion valve, the entropy generation, and the exergy destruction are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat transfer is negligible. 


(a) The properties of refrigerant at the inlet and exit states of the throttling valve are (from R134a tables) 


P, =1200 a =117.77 kJ/kg 


x, =0 sı = 0.4244 kJ/kg -K 


P, =200 kPa T, = —10.1°C 
h, =h =117.77 kJ/kg | s, =0.4562 kJ/kg -K 
(b) Noting that the throttling valve is adiabatic, the entropy generation is determined from 


Sgen =S2 — 51 = (0.4562 — 0.4244)kJ/kg : K = 0.03176 kJ/kg -K 


Then the irreversibility (i.e., exergy destruction) of the process becomes 


eXdest = ToS gen = (298 K)(0.03176KJ/kg - K) =9.464 kJIkg 
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8-53 Heium expands in an adiabatic turbine from a specified inlet state to a specified exit state. The maximum work output 
is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The device is adiabatic and thus heat 
transfer is negligible. 3 Helium is an ideal gas. 4 Kinetic and potential energy changes are negligible. 


Properties The properties of helium are c, = 5.1926 kJ/kg.K and R = 2.0769 kJ/kg.K (Table A-1). 
Analysis The entropy change of helium is 


1 kPa 
ae a in Rne SOE 
Ti P, 
= (5.1926 kJ/kg - K) In ae (2.0769 kJ/kg - K) qo | 
573K 1500 kPa 
= 2.2295 kJ/kg -K Helium a 
The maximum (reversible) work is the exergy difference between the inlet and exit states 
Wrev,out =h — hy — To (8; — 52) ) 
=C,(T, —T,) — Tp(s; — $2) t90 kPa 
= (5.1926 kJ/kg - K)(300 — 25)K — (298 K)(—2.2295 kJ/kg - K) ok 
= 2092 kJ/kg 


There is only one inlet and one exit, and thus m, =m, =m. We take the turbine as the system, which is a control volume 
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


a k f 70 (steady) ve 
Ein ~ E out AE system =0 
E ro, 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein =È out 
rihi =W ou + Oou + riha 
Wout =C — h2) - Oout 
Wout = (A — h2) — Gout 
Inspection of this result reveals that any rejection of heat will decrease the work that will be produced by the turbine since 
inlet and exit states (i.e., enthalpies) are fixed. 


If there is heat loss from the turbine, the maximum work output is determined from the rate form of the exergy 
balance applied on the turbine and setting the exergy destruction term equal to zero, 


; r 7 AO (reversibk) _ 4 ý 70 (steady) _ 
Xin =A oi = X destroyed =AX =0 


system 
—~._—— 
Rate of net exergy transfer Rateof exergy Rateof change 
by heat, work,and mass destruction of exergy 
x in 7 x out 


. p ; To . 
my = Wrevout ae Qout 1- T EMY? 


T, 
Wrev out g “i Wo) Jout h 2) 


T, 
=(h —hy)-T9(s; -52) toa 2) 


Inspection of this result reveals that any rejection of heat will decrease the maximum work that could be produced by the 
turbine. Therefore, for the maximum work, the turbine must be adiabatic. 
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8-54 D Air is compressed steadily by an 8-kW compressor from a specified state to another specified state. The 
increase in the exergy of air and the rate of exergy destruction are to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the air table (Table A-17) 


T, =2900K_ ——> h =29016 kJ/kg 
s? =1.66802 kJ/kg: K 


600 kPa 
T, =440K_ — h,= 441.61 kJ/kg 167°C 
s$ = 2.0887 kJ/kg: K i 
Analysis The increase in exergy is the difference between the exit and 
inlet flow exergies, AIR 
. 8 kW 
Increase in exergy =y, —y, f 
=[(hy —h,)+ Ake” +Ape” —Ty(s,-s 
[A =h) p o (s2 =51)] 100 kPa 
=(h, hy) Ty (s2 sı) 17°C 
where 
P. 
Sy — 8, =(s3 -s )— Rin a 
1 
= (2.0887 — 1.66802)kJ/kg - K - (0.287 kJ/kg - K) In evokes 
100 kPa 
=—0.09356 kJ/kg -K 
Substituting, 


Increase in exergy =y, —y, 
= [(441.61—290.16)kJ/kg - (290 K)(—0.09356 kJ/kg -K)] 
= 178.6 kJ/kg 


Then the reversible power input is 
Wovin =mM(W> —W,) =(2.1/60 kg/s)(178.6 kJ/kg) = 6.25 kW 


(b) The rate of exergy destruction (or irreversibility) is determined from its definition, 


X iaro = Win Wes =8-6.25=1.75kW 


Discussion Note that 1.75 kW of power input is wasted during this compression process. 
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> 
8-55 Problem 8-54 is reconsidered. The problem is to be solved and the actual heat transfer, its direction, the 
minimum power input, and the compressor second-law efficiency are to be determined. 


Analysis The problem is solved using EES, and the solution is given below. 


Function Direction$(Q) 

If Q<0 then Direction$="'out' else Direction$='in' 
end 

Function Violation$(eta) 


end 


{"Input Data from the Diagram Window" 
T_1=17 [C] 

P_1=100 [kPa] 

W_dot_c = 8 [kW] 

=600 [kPa] 

ot_gen=0 

dot_net=0} 

pecial cases" 

_2=167 [C] 

| dot=2.1 [kg/min]} 


2 
d 


O0 TU 


aa 
(PN 


viaa 
a fo 


vn 


m_dot_in=m_dot*Convert(kg/min, kg/s) 

"Steady-flow conservation of mass" 

m_dot_in = m_dot_out 

"Conservation of energy for steady-flow is:" 

E_dot_in - E_dot_out = DELTAE_dot 

DELTAE_dot = 0 

E_dot_in=Q_dot_net + m_dot_in*h_1 +W_dot_c 

"If Q_dot_net < 0, heat is transferred from the compressor" 

E_dot_out= m_dot_out*h_2 

h_1 =enthalpy(air,T=T_1) 

h_2 = enthalpy(air, T=T_2) 

W_dot_net=-W_dot_c 

W_dot_rev=-m_dot_in*(h_2 - h_1 -(T_1+273.15)*(s_2-s_1)) 

"Irreversibility, entropy generated, second law efficiency, and exergy destroyed:" 
s_1=entropy(air, T=T_1,P=P_1) 

s_2=entropy(air, T=T_2,P=P_2) 

s_2s=entropy(air, T=T_2s,P=P_2) 

s_2s=s_1"This yields the isentropic T_2s for an isentropic process bewteen T_1, P_1 and 
P_2"|_dot=(T_0+273.15)*S_dot_gen"Irreversiblility for the Process, KW" 
S_dot_gen=(-Q_dot_net/(T_0+273.15) +m_dot_in*(s_2-s_1)) "Entropy generated, kW" 
Eta_Il=W_dot_rev/W_dot_net"Definition of compressor second law efficiency, Eq. 7_6" 
h_o=enthalpy(air, T=T_o) 

s_o=entropy(air, T=T_o,P=P_o) 

Psi_in=h_1-h_o-(T_0+273.15)*(s_1-s_o) "availability function at state 1" 
Psi_out=h_2-h_o-(T_0+273.15)*(s_2-s_0) "availability function at state 2" 
X_dot_in=Psi_in*m_dot_in 

X_dot_out=Psi_out*m_dot_out 

DELTAX_dot=X_dot_in-X_dot_out 

"General Exergy balance for a steady-flow system, Eq. 7-47" 
(1-(T_0+273.15)/(T_0+273.15))*Q_dot_net-W_dot_net+m_dot_in*Psi_in - m_dot_out*Psi_out =X_dot_dest 
"For the Diagram Window" 

Text$=Direction$(Q_dot_net) 

Text2$=Violation$(Eta_Il) 
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Nu | [kw] Xss [KW] | Tos [C] TIC] | Quer [kW] 
0.7815 1.748 1.748 209.308 167 -2.7 
0.8361 1.311 1.311 209.308 200.6 -1.501 
0.8908 0.874 0.874 209.308 230.5 -0.4252 
0.9454 0.437 0.437 209.308 258.1 0.5698 

1 1.425E-13 | 5.407E-15 209.308 283.9 1.506 


How can entropy decrease? 


150 


T[C] 


100 


50 


5.0 5.5 


6.0 


6.5 


T2 


Qnet 


i 
N 


| r Ge PT TP 


Pi big ia Blog 


0.75 0.80 
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Xa est 


Xdest 
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8-42 
8-56 Steam is decelerated in a diffuser. The second law efficiency of the diffuser is to be determined. 
Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6) 


P, =500 kPa | h, = 2855.8 kJ/kg 
T, =200°C | s; =7.0610kJ/kg-K 


P, = 200 kPa \"2 = 2706.3 kJ/kg 


x, =1 (sat. vapor) | s =7.1270kJ/kg-K 


Analysis We take the diffuser to be the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


E. -È i = AE i 0 (steady) =0 
in ou system 
SF 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Ein = Bow 500 kPa 
. 2 . 2 ò 200 kPa 
m(h, +V /2)=m(h, +V5 1/2) 200°C — H,O — aat. va 
. vapor 
y2-y? 30 m/s 
2 
2 L= h -h = Ake actual 
Substituting, 
Ake actual = 41 — ha = 2855.8 — 2706.3 = 149.5 kJ/kg 


An exergy balance on the diffuser gives 


Y ; ; 70 (reversibk) _ 4 ý AO (steady) _ 
Ain = X out = X destroyed = AX system =0 
Ni ai 
Rateof net exergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
xX in 7 x out 
mY, = myz 
2 2 
V V; 
i 2 
hy =h + To(sı — 59) = hy Ny + 7(S2 = 89) 
2 2 
2 2 
Vs -V, 
2 k= 
a oa =h -h —Th(s, — 8) 


Ake,ey = ⁄ — hy -Tols — 52) 
Substituting, 
Ake rey = hy — hy —Ty (81 — 52) 
= (2855.8 — 2706.3)kJ/kg — (298 K)(7.0610 — 7.1270) kJ/kg -K 
= 169.2 kJ/kg 


The second law efficiency is then 


Ake actual _ 149.5 kJ/kg _ 0 


= 0.884 
Ake 169.2 kJ/kg 


My = 


rev 
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8-57 Air is accelerated in a nozzle while losing some heat to the surroundings. The exit temperature of air and the exergy 
destroyed during the process are to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 The nozzle operates steadily. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The properties of air at the nozzle inlet are (Table A- 
17) 


T, =338 K —> h, =338.40 kJ/kg 
s? =1.8219 kJ/kg -K 


Analysis (a) We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


r- r = S 70 (steady) ~ 
Ein ie Eont E AE System =0 
Rate of net energy transfer Rate of change in internal, kinetic, 3 kJ/ kg 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


hilh +V? 12) = ty + V3I2)+ Oy RA 


or ae 


eae og 
0=dou thy hy + = f 


Therefore, 


yV? -v? (240 m/s)? — (35 m/s)” ( 1kJ/kg 


a 2 1 = 
hy =h — dom 5 =338.40-3 5 T ne] 307.21 kJ/kg 


At this A> value we read, from Table A-17, T, =307.0 K =34.0°C and s$ =1.7251kJ/kg-K 


(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 


X destroyed = LS gen Where the entropy generation Sgen is determined from an entropy balance on an extended system that 


includes the device and its immediate surroundings so that the boundary temperature of the extended system is Tsur at all 
times. It gives 


i A i are. 20 
Sin T Sout i S gen = AS system =0 
(on 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
; Qout 
ms, -ms or + Seen = 0 
T, b,surr 
Qout 


where 


5kP 


9 
= (1.7251 —1.8219)kJ/kg - K — (0.287 kJ/kg - K) In ———_ 
( )kI/kg ( g MP 


P 
2 2 20.1169 kJ/kg : K 
a 


o o 
AS air =S2 — Sp —RIn 


1 


Substituting, the entropy generation and exergy destruction per unit mass of air are determined to be 


x destroyed = T oS gen — L iei S gen 


=T, ę -s+ dar) = (290 Ko. 169 kJ/kg : K + ee = 36.9 kJ/kg 


SUIT 
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Alternative solution The exergy destroyed during a process can be determined from an exergy balance applied on the 
extended system that includes the device and its immediate surroundings so that the boundary temperature of the extended 
system is environment temperature To (or Tsur) at all times. Noting that exergy transfer with heat is zero when the 


temperature at the point of transfer is the environment temperature, the exergy balance for this steady-flow system can be 
expressed as 


f : Lay 20 (steady) _ ; ; ; : ; , 
Xin T X out ~ X destroyed a AX system =0—> X déstioyed =~ Xin X out =My-mMY = my, Wr) 
SS 
Rateof netexergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructia of exergy 


= ri (h =M) ~ Ty (sy = 82) — Ake- Ape”? ] = rif Tolsa — 51) — (hy =h + Ake] 
= m[Tp(S> — 5,1) + doy] Since,fromenergybalance, — gout = —h, + Ake 


= nf its. =s) + | = TySiicn 
0 


Therefore, the two approaches for the determination of exergy destruction are identical. 
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EES 
8-58 Problem 8-57 is reconsidered. The effect of varying the nozzle exit velocity on the exit temperature and exergy 
destroyed is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Knowns:" 

WorkFluid$ = ‘Air’ 

P[1] = 200 [kPa] 

T[1] =65 [C] 

P[2] = 95 [kPa] 

Vel[1] = 35 [m/s] 

{Vel[2] = 240 [m/s]} 

T_o = 17 [C] 

T_surr=T_o 

q_loss = 3 [kJ/kg] 

"Conservation of Energy - SSSF energy balance for nozzle -- neglecting the change in potential energy:" 
h[1]=enthalpy(WorkFluid$, T=T[1]) 
s[1]=entropy(WorkFluid$,P=P[1], T=T[1]) 

ke[1] = Vel[1]*2/2 

ke[2]=Vel[2]*2/2 

h[1]+ke[1]*convert(m*2/s*2,kJ/kg) = h[2] + ke[2]*convert(m*2/s*2,kJ/kg)+q_loss 
T[2]=temperature(WorkFluid$,h=h[2]) 
s[2]=entropy(WorkFluid$,P=P[2],h=h[2]) 

"The entropy generated is detemined from the entropy balance:" 
s[1] - s[2] - q_loss/(T_surr+273) + s_gen = 0 

x_destroyed = (T_0+273)*s_gen 


Vel. T2 Xdestroyed 
[m/s] [C] [kJ/kg] 


100 57.66 58.56 
140 52.89 54.32 
180 46.53 48.56 
220 38.58 41.2 
260 29.02 32.12 
300 17.87 21.16 


T[2] [C] 


100 140 180 220 260 300 
Vel[2] [ms] 
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Xq estroyed [kJ/kg] 


100 140 180 220 260 


Vel[2] [m/s] 
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8-59 Steam is decelerated in a diffuser. The mass flow rate of steam and the wasted work potential during the process are to 
be determined. 


Assumptions 1 The diffuser operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4 through A-6) 


P, =10 kPa ) h, = 2592.0 kJ/kg 
T, =50°C | s, =8.1741kI/kg-K 


hy = 2591.3 kJ/kg ae 


s> =8.0748 kJ/kg -K 300 m/s —+ H,O — 70ms 


v, =12.026 m*/kg S 


Analysis (a) The mass flow rate of the steam is 


T, = 50°C | 


sat.vapor 


ney ae ee: m7)(70 m/s) = 17.46 kg/s 
v, 12.026 m° / kg 


(b) We take the diffuser to be the system, which is a control volume. Assuming the direction of heat transfer to be from the 
stem, the energy balance for this steady-flow system can be expressed in the rate form as 


, : E g 0 (steady) _ 
Ein = E out z AE system =0 
jer e 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 
f p . 2 D 
mh, +V¢ /2) = m(hy +V3/2) + Qout 


l y2-py? 
Qout = “ih -h ae 


Substituting, 


(70 m/s)” —(300 m/s)” ( lkJ/kg 


5 aout } = 754.8kJ/s 


Oo = (17.46 ks) 250 .3 — 2592.0 + 


The wasted work potential is equivalent to exergy destruction. The exergy destroyed during a process can be determined 
from an exergy balance or directly from its definition X gestroyea = ToSgen Where the entropy generation Sgen is determined 


from an entropy balance on an extended system that includes the device and its immediate surroundings so that the 
boundary temperature of the extended system is Tsur at all times. It gives 


Sin = Sout + Spon = AS oain a? =0 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
ms, —MS> — Lot § =0> Siei = mis, =s )+ Lou 
b,surr surr 

Substituting, the exergy destruction is determined to be 

: . . Oou 
X destroyed = ToS gen z To its 7S] ) + Zot 
To 
754.8 kW 
= (298 K {0746 kg/s)(8.0748 -8.1741)kI/ke-K + ae) 


= 238.3 kW 
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8-60E Air is compressed steadily by a compressor from a specified state to another specified state. The minimum power 
input required for the compressor is to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). From the air table (Table A-17E) 


T, =520R —> h, =124.27 Btu/lbm 
s? =0.59173 Btu/lbm:R 


100 psia 
T, =940R > h, = 226.11 Btu/lbm 480°F 
s? = 0.73509 Btu/Ibm-R i 
Analysis The reversible (or minimum) power input is determined from AIR 
the rate form of the exergy balance applied on the compressor and 22 Ibm/min 
setting the exergy destruction term equal to zero, f 
. 3 70 ibk) : 70 (stead 
Xin ~ A ot ~ X destroyed EER AX system es 0 g 
ee, 14.7 psia 
Rateof net exergy trasfer Rateof exergy Rateof change S 
by heat, work,and mass destructim of exergy 60 F 
xX in — X, out 


my T Weevin = MY 


Wovin = HW 01) = till (hy —h,) -T (s2 — 5) + Ake” + Ape” ] 


where 
P. 
As xi, = 83 — 8s? —RIn— 
100 psia 
= (0.73509 — 0.59173)Btu/Ibm - R — (0.06855 Btu/Ibm- R) In——P 
14.7 psia 
= 0.01193 Btu/Ibm-R 
Substituting, 
W evin = (22/60 Ibm/s)[(226.11— 124.27) Btu/Ibm — (520 R)(0.01193 Btu/Ibm - R)] 


= 35.1 Btu/s = 49.6 hp 


Discussion Note that this is the minimum power input needed for this compressor. 
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8-61 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is 
given. The reversible power output and the second-law efficiency are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3 
The temperature of the surroundings is given to be 25°C. 


Properties From the steam tables (Tables A-4 through A-6) 


P, =6 MPa | h, =3658.8kI/kg 
T, = 600°C | s, = 7.1693kI/kg-K 


P, =50kPa | h, = 2682.4 kJ/kg 
T, =100°C | s) = 7.6953 kJ/kg: K 


Analysis (b) There is only one inlet and one exit, and thus m, = m, =m. We take the turbine as the system, which is a 


control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


Èn -È out = NOR hs (steady) — 0 80 m/s 
Rate of net energy transfer Rate of change in internal, kinetic, 6 MPa 
by heat, work, and mass potential, etc. energies 600°C 
Ein = É ou | | 
m(h +V P12) =Woyy +h, +VF /2 
(hy $V 12) = Wou Cha +0212) a 
W u = helpee ) 5 MW 
Substituting, 50 kPa 
: i 100°C 
5000 KJ/s = ri 36588-268244 80m) Cm) e) 140 m/s 
2 1000 m^ /s 


tn =5.156 kg/s 


The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 


7 , 3 70 (reversibk) _ 4 ý AO (steady) _ 
Xin F X out ~ X destroyed 7 AX system =0 
a ea 
Rateof net exergy transfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
x in — x out 


my = Wrevout EMY 


Woy out = HV wW) =m (h —hy)—Tp(s, -52)- Ake Ape”? ] 


Substituting, 


oe = Wout ~ mT (s E Sy) 
= 5000 kW - (5.156 kg/s)(298 K)(7.1693 — 7.6953) kJ/kg : K = 5808 kW 


(b) The second-law efficiency of a turbine is the ratio of the actual work output to the reversible work, 


Wout 


5 MW 


=———— = 86.1% 
5.808 MW 


mM 


rev,out 


Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this 
process. 
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8-62 Steam is throttled from a specified state to a specified pressure. The decrease in the exergy of the steam during this 
throttling process is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25°C. 4 Heat transfer is negligible. 


Properties The properties of steam before and after throttling are (Tables A-4 through A-6) 


P, =6MPa) h; =3178.3 kJ/kg y Steam 
T, = 400°C | sı = 6.5432 kJ/kg -K 
1 
P, =2 MPa 
Sa = 7.0225 kJ/kg -K 
hy =h 
Analysis The decrease in exergy is of the steam is the difference between the inlet and 
exit flow exergies, 2 
¥ ar ar A? 
Decrease in exergy = Y; -Ya =-[Ah Ake Ape Tp (81 —S2)]= To (S2 — $1) j 
= (298 K)(7.0225 — 6.5432)kJ/kg :K 
=143 kJ/kg 


Discussion Note that 143 kJ/kg of work potential is wasted during this throttling process. 
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8-63 CO, gas is compressed steadily by a compressor from a specified state to another specified state. The power input to 
the compressor if the process involved no irreversibilities is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 CO; is an ideal gas with constant specific heats. 


Properties At the average temperature of (300 + 450)/2 = 375 K, the constant 
pressure specific heat and the specific heat ratio of CO, are c, = 0.917 kJ/kg.K and 


k= 1.261 (Table A-2b). Also, c, = 0.1889 kJ/kg.K (Table A-2a). 600 kPa 
Analysis The reversible (or minimum) power input is determined from 450 K 
the exergy balance applied on the compressor, and setting the exergy I 
destruction term equal to zero, 
: : : : : CO, 
70 (reversibk) _ 70 (steady) _ 
Xin -X out T X destroyed 7 AX system = 0 0.2 kg/s 
Rateof net exergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy f 
X in 7 x out 
z : : 100 kPa 
MY + Wrevin = Wo 300 K 


Werin = mW a w) 
= till (hy -h) -T (s281) + Ake” + Ape”’] 


where 
EA E E 
T, P, 
= (0.917 kJ/kg K)In 222K — (0.1889 kJ/kg- K) In £00 Pa 
300K 100 kPa 
= 0.03335 kJ/kg: K 
Substituting, 


W 


rev,in 


= (0.2 kg/s)[(0.917 kJ/kg - K)(450 — 300)K — (298 K)(0.03335 kJ/kg: K)]= 25.5 kW 


Discussion Note that a minimum of 25.5 kW of power input is needed for this compressor. 
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8-64 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the 
inlet and the reversible work output of the turbine are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The temperature of the surroundings is given to be 25°C. 4 The combustion gases are ideal gases with constant specific 
heats. 


Properties The constant pressure specific heat and the specific heat ratio are given to be c, = 1.15 kJ/kg.K and k= 1.3. The 
gas constant R is determined from 


R=c,-cy =c, —c,/k=c,(1-1/k) = (1.15 kJ/kg: K)(1-1/1.3) = 0.265 kJ/kg:K 


Analysis (a) The exergy of the gases at the turbine inlet is simply the flow exergy, 


y? 0 800 kPa 
where | 
GAS 
T, P 
ARAA 7, on 7 TURBINE 
0 0. 
= (1.15 ki/kg-K)In 25 _ (0.265 ki/kg-K)In SKF ) 
298K 100 kPa 
=1.025 kJ/kg -K A 
650°C 


Thus, 


y, = (1.15 kJ/kg.K)(900 - 25)°C — (298 K)(1.025 kJ/kg K) + 


(100 m/s)? ( 1 kJ/kg 


= 705.8kJ/kg 
2 1000 m° /s? ) 


(b) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the 
exergy destruction term equal to zero, 


7 p 7 #0 (reversibk) _ 4 ý #0 (steady) _ 
Xin ms Xout E X destroyed = AX system =0 
ae 
Rate of net exergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
xX; in — xX, out 


my = Wev out +MY 


Wev ou = H — Wx) = (My — hy) -T (s, -82)- Ake- Ape*”] 
where 
y2 -y2 Jan 2 
ie a (220 m/s)” —(100 m/s) | Lie - ) -19.2 kJ/kg 
2 2 1000 m? /s 
and 
ig P. 
S2751 =C, In 2 Rn 
! j 923K 400 kP 
= (1.15 kJ/kg - K)ln - (0.265 kJ/kg -K)In $ 
1173K 800 kPa 


= —0.09196 kJ/kg -K 
Then the reversible work output on a unit mass basis becomes 
Wrev,out = %1 — Az +To (s2 = 81) — Ake = c, (7, -T3)+To(s2 —s,)—Ake 


= (1.15 kJ/kg : K)(900 — 650)°C + (298 K)(-0.09196 kJ/kg -K) -19.2 kJ/kg 
= 240.9 kJ/kg 
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8-65E Refrigerant-134a enters an adiabatic compressor with an isentropic efficiency of 0.80 at a specified state with a 
specified volume flow rate, and leaves at a specified pressure. The actual power input and the second-law efficiency to the 
compressor are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Properties From the refrigerant tables (Tables A-11E through A-13E) 
h =h a = 105.32 Btu / Ibm 
kee A P, = 70 psia 
S1 = S o @30 psia = 0.2238 Btu/lbm -R hz; = 112.80 Btu/lbm 


P, =30 psia 
3 S25 > S1 
vi = V o @30 psia = 1.5492 ft /Ibm 


sat.vapor 


Analysis From the isentropic efficiency relation, 


70 psia 
hy, = h, = 
ley h > haa = h + (hy, —hy)/ 77. Ae si 
a id = 105.32 + (112.80 —105.32) /0.80 j] 
=114.67 Btu/lbm R-134a 
Then, 20 ft/min 
P, = 70 psia 
S = 0.2274 Btu/lbm 
ha, =114.67 
V, 20/60 ft? / T 
Also, m= -= S 20.2152 Ibm/s sat. vapor 


Vi 1.5492 ft? /lbm 


There is only one inlet and one exit, and thus m, = m, =m. We take the actual compressor as the system, which is a control 
volume. The energy balance for this steady-flow system can be expressed as 


A = GE z 70 (steady) _ 
Ein E E ut = AE system =0 
SS ———S PRIETA 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in Z E out 
ain tmh =mh, (since Q = Ake = Ape = 0) 
Wain = m(hy — hy) 


Substituting, the actual power input to the compressor becomes 


W, = (0.2152 lbm/s)(114.67 - 105.32) Btu/lbm| — |P — | 2.85 hp 
0.7068 Btu/s 


(b) The reversible (or minimum) power input is determined from the exergy balance applied on the compressor and setting 
the exergy destruction term equal to zero, 


Š z Y 70 (reversibe) _ 4 ý 70 (steady) _ 
Xin Fy X out ~ A destoyea = AX system =0 
C 
Rateof net exergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
xX in 7 xX out 


Wrevin T MWY, =M 


Wovin = H -= y1) = MiC —h,) -Cs —5,) + Ake” + Ape”? ] 


Substituting, 
W bie = (0.2152 Ibm/s)|(1 14.67 —105.32) Btu/Ibm — (535 R)(0.2274 — 0.2238)Btu/Ibm - R] 
= 1.606 Btu/s = 2.27 hp (since | hp = 0.7068 Btu/s) 
W. 
Phas’. paa e 9806 
W actin 2.85 hp 
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8-66 Refrigerant-134a enters an adiabatic compressor at a specified state with a specified volume flow rate, and leaves at a 
specified state. The power input, the isentropic efficiency, the rate of exergy destruction, and the second-law efficiency are 
to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 


Analysis (a) The properties of refrigerant at the inlet and exit states of the compressor are obtained from R-134a tables: 


h, =234.68 kJ/kg 
s| =0.9514 kJ/kg -K 


T = ~ 
v, =0.18946 m*/kg 


x, =l 


P, =800 kPa] h, =286.69 kJ/kg 
T, =50°C Ís, =0.9802kI/kg-K 


P, =800kPa 


hy, = 277.53 kJ/kg 
Sy =S; =0.9514 kJ/kg -K i 
The mass flow rate of the refrigerant and the actual power input are 


V, (0.45/60) m°/s 
v, 0.18946 m3/kg 


= 0.03959 kg/s 


Woo, = (ha — hy) = (0.03959 kg/s)(286.69 — 234.68) kJ/kg = 2.059 kW 


(b) The power input for the isentropic case and the isentropic efficiency are 


Won = 111(>, — h) = (0.03959 kg/s)(277.53 — 234.68)kI/kg = 1.696 kW 


Win 1.696 kW 
W. 2.059 kW 


act 


= 0.8238 = 82.4% 


1] Comp,isen 


(c) The exergy destruction is 
X gost =MTy (Sy — s1) = (0.03959 kg/s)(300 K)(0.9802 — 0.9514) kJ/kg - K = 0.3417 kW 
The reversible power and the second-law efficiency are 


Woy =Wacr — X dest = 2-059 — 0.3417 =1.717 kW 


Wey _1.717KW 
W.. 2.059 kW 


act 


= 0.8341 = 83.4% 


1] Comp, Il E 
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8-67 Refrigerant-134a is condensed in a refrigeration system by rejecting heat to ambient air. The rate of heat rejected, the 


COP of the refrigeration cycle, and the rate of exergy destruction are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 
Analysis (a) The properties of refrigerant at the inlet and exit states of the condenser are (from R134a tables) 


P, =700 kPa ) hy = 288.53 kJ/kg 
T,=50°C Í sı =0.9954 kJ/kg -K 


P, =700 Si h, =88.82 kJ/kg 


x, =0 Sa = 0.3323 kJ/kg : K 


The rate of heat rejected in the condenser is 


On =Mp(hy — hy) = (0.05 kg/s)(288.53 — 88.82)kJ/kg = 9.985 kW 
(b) From the definition of COP for a refrigerator, 


cop = 24 =— Q, = GEW =1.506 
Wan On -Q, (9.985-6)kW 


(c) The entropy generation and the exergy destruction in the condenser are 


Srei =Mp(S> -=sı)+ Qn 
Ty 
985k 
= (0.05 kg/s)(0.3323 — 0.9954) kJ/kg -K + = = 0.0003516kW/K 


X aest = To Sven = (298 K)(0.00035 16 kJ/kg - K) = 0.1048 kW 


gen 
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8-68E Refrigerant-134a is evaporated in the evaporator of a refrigeration system. the rate of cooling provided, the rate of 
exergy destruction, and the second-law efficiency of the evaporator are to be determined. 

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 
Analysis (a) The rate of cooling provided is 


Ò, = (h, — hy) = (0.08 Ibm/s)(172. 1 - 107.5) Btu/lbm = 5.162 Btu/s =18,580 Btu/h 


(b) The entropy generation and the exergy destruction are 


; ; Òr 
RE 
gen = (Sy = 81) T, 
= (0.08 Ibm/s)(0.4225 — 0.2851) Btu/lbm - R - 2162 Bes. 
(50+ 460) R 


= 0.0008691 Btu/s -R 
X aest = ToS gen = (537 R)(0.0008691 Btu/s - R) = 0.4667 Btuls 


(c) The exergy supplied (or expended) during this cooling process is the exergy decrease of the refrigerant as it evaporates 
in the evaporator: 


xX X, = m(h, —-h,)- mT (s; = 82) 
= —5.162 — (0.08 lbm/s)(537 R)(0.285 1 — 0.4225) Btu/lbm - R 
= 0.7400 Btu/s 


The exergy efficiency is then 


X test 1 0.4667 


1 = 0.3693 = 36.9% 
TS ua Da 
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8-57 


8-69 Air is compressed steadily by a compressor from a specified state to another specified state. The reversible power is to 
be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the air 
table (Table A-17) 


T, =300K > h =300.19 kJ/kg 400 kPa 
sy =1.702 kJ/kg- K 220°C 
T, =493 K > h, = 495.82 kJ/kg AIR 
s9 = 2.20499 kJ/kg : K 0.15 kg/s 
Analysis The reversible (or minimum) power input is determined from f 
the rate form of the exergy balance applied on the compressor and 
; f 101 kPa 
setting the exergy destruction term equal to zero, T 
y 7 g 70 (reversibk . 70 (stead: 
Xin ~ Aout =X desttoyéd i = AX system ERNE 0 
— 
Rate of net exergy trasfer Rateof exergy Rateof change 
by heat, work, and mass destructim of exergy 
x in — x out 


my + Weevin = my 


Wovin = HW =y) = hih — hy) -lsz -581) + Ake™ +Ape”’] 


where 
P. 
Sy — 51 =85 -S7 -Rnz 
1 
400 kP 
= (2.205 — 1.702)kJ/kg - K — (0.287 kJ/kg - jon ea 
101 kPa 
=0.1080 kJ/kg -K 
Substituting, 


Woy in = (0.15 kg/s)[(495.82 — 300.19)kJ/kg — (298 K)(0.1080 kJ/kg - K)]= 24.5 kW 


Discussion Note that a minimum of 24.5 kW of power input is needed for this compression process. 
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EES 
8-70 Problem 8-69 is reconsidered. The effect of compressor exit pressure on reversible power is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


T_1=27 [C] 
P_1=101 [kPa] 
m_dot = 0.15 [kg/s] 
{P_2=400 [kPa]} 
T_2=220 [C] 
T_o=25 [C] 
P_o= 
m 


| dot_in=m_dot 


"Steady-flow conservation of mass" 

m_dot_in = m_dot_out 

h_1 =enthalpy(air, T=T_1) 

h_2 = enthalpy(air, T=T_2) 

W_dot_rev=m_dot_in*(h_2 - h_1 -(T_1+273.15)*(s_2-s_1)) 
s_1=entropy(air, T=T_1,P=P_1) 

s_2=entropy(air, T=T_2,P=P_2) 


Pz [kPa] Weev [kW] Bee Aöů 
200 15.55 : 
250 18.44 
300 20.79 ] 
350 22.79 | 
400 24.51 = 
450 26.03 = | 
500 27.4 > 
550 28.63 = | 
600 29.75 


200 250 300 350 400 450 500 550 600 
P> [kPa] 
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8-59 
8-71 A rigid tank initially contains saturated liquid of refrigerant-134a. R-134a is released from the vessel until no liquid is 
left in the vessel. The exergy destruction associated with this process is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 


Properties The properties of R-134a are (Tables A-11 through A-13) 


Vi =V @20°c = 0.0008161 m° /kg 
u = u f@20°C = 78.86 kJ/kg 


er 
S1 =S f@20°C = 0.30063 kJ/kg -K 


sat. liquid 


V3 =V, @2c = 0.035969 m° / kg 
T, =20°C | Uy =Ug@rc = 241.02 kJ/kg 

S2 = Se =Sg@20c = 0.92234 kJ/kg: K 
he = hg @20c = 261.59 kJ/kg 


sat. vapor 


Analysis The volume of the container is Me 
V = mv, = (1kg)(0.0008161m?/kg) = 0.0008161 m? 
The mass in the container at the final state is 


V —_0.0008161m°* 


M, = — 


= ————— = 0.02269 kg 
V, 0.035969 m*/kg 


The amount of mass leaving the container is 
m, =m, —m, =1—0.02269 = 0.9773 kg 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = LoS gen - The entropy generation Sgen in this case is determined from an entropy balance on the system: 


Sin ~ Sout + S gen = AS system 
ae) 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Mese Fiai = AS tank = (M785 151) tank 
S sen = MS, — MS] +M;Se 
Substituting, 


X destroyed = ToS gen = To (m8 MS, + Mese) 
= (293 K)(0.02269 x 0.92234 — 1x 0.30063 + 0.9773 x 0.92234) 
=182.2kJ 
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8-60 


8-72E An adiabatic rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated 
with this process is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm-R, k = 1.4, and R = 0.06855 Btu/Ibm-R = 
0.3704 kPa-m*/lbm-R (Table A-2Ea). 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min —Mout = AMgystem > m=m Air —— > 150 psia, 90°F 
Energy balance: 
E in E out =! AE system 
a) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 40 ft? 


mh; =m uy 


Combining the two balances: 


Cc 
h; =u, >c T; =c,T, >T, =T, =KT, 


Cy 
Substituting, 
T, =kT, =(1.4)(550R)=770R 
The final mass in the tank is 
PV (150 psia)(40 ft?) 


= 21.04 lbm 


mM, =M; = = $ 3 
RT, (0.3704 psia - ft” /lbm - R)(770 R) 
The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 


during a process can be determined from an exergy balance or directly from its definition X gestroyea = ToS gen - The entropy 


generation Sgen in this case is determined from an entropy balance on the system: 


Sin Z Sout + S sen = AS 
=< 


— ——$——S 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


system 


m;S; +S gen = AS tank = M784 
S pea =M3S2 —M;S; 


Sgen =m,(s2 =s;) 


Substituting, 


= (21.04 1bm)(540 R)| (0.240 Btu/lbm - R)In OR 
550R 
=917 Btu 


T. 
Wev = X destyroyed = mT (s2 i, s;) = mTo Cp In z) 
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8-61 


8-73E An rigid tank that is initially evacuated is filled by air from a supply line. The work potential associated with this 
process is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. It can be 
analyzed as a uniform-flow process since the state of fluid entering the device remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm-R and R = 0.06855 Btu/Ibm-R = 0.3704 
kPa-m*/lbm-R (Table A-2Ea). 
Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 


microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Mi, — Mout = Am > m,=m, 


system 
Energy balance: 
Air —» 200 psi ° 
= sia, 100°F 
E in E out = AE system psia, 
a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
m;h; = Qout =M Uy 
Qout =m;h; Mu) 10 ft? 


Combining the two balances: 
Qout = M2 (hj — Uz) 
The final mass in the tank is 
PV (150 psia)(40 ft?) 
RT, (0.3704 psia - ft?/lbm - R)(550 R) 


m, =m; = = 29.45 Ibm 
Substituting, 
Dou = M2 (h; — Uy )= My (C T; -c,T;) = mT, (cp —¢,) =m TR 
= (29.45 Ibm)(550 R)(0.06855 Btu/lbm - R) 
=1110 Btu 
The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition X destroyed = ToS gen - The entropy 


generation Sgen in this case is determined from an entropy balance on the system: 


Sin —S = AS 


in out + S gen system 
u —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qout = = 
MiS; — Aes = AS tank = M784 
T 0 
Qout 
Sgen = M252 —M;S; + 
0 
Qout 
Sgen =My (s2 s;)+ 


To 


Noting that both the temperature and pressure in the tank is same as those in the supply line at the final state, substituting 
gives, 


Qou 
Wev = X destroyed -n| mats =8;) + 7 . 
0 


Oou Oou 
-no+ a =T) a =Q,, =1110 Btu 


0 0 
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8-62 


8-74 Steam expands in a turbine steadily at a specified rate from a specified state to another specified state. The power 
potential of the steam at the inlet conditions and the reversible power output are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 25°C. 


Properties From the steam tables (Tables A-4 through 6) 


P, =8 MPa | h, =3273.3 kJ/kg 8 MPa 
T, =450°C Í s, = 6.5579 kJ/kg -K i C 
P, =50kPa | h, = 2645.2 kJ/kg \ 
sat. vapor S = 7.5931 kI/kg-K STEAM |3 
15,000 kg/h 
Py =100 kPa | ho = A f@2s°c =104.83 kJ/kg } 
Ty = 25°C So Š S f@2s°c = 0.36723 kJ/kg -K 
50 kPa 
Analysis (a) The power potential of the steam at the inlet conditions is sat. vapor 


equivalent to its exergy at the inlet state, 


220 
= . . 0 . 
Y=my, =m| h -ho -To (s1 —59)+ 3 +gzř = mh, hy -To (s1 so)) 


= (15,000 / 3600 kg/s)|(3273.3 -104.83)kJ/kg — (298 K)(6.5579 - 0.36723)kJ/kg -K ] 
=5515 kW 


(b) The power output of the turbine if there were no irreversibilities is the reversible power, is determined from the rate 
form of the exergy balance applied on the turbine and setting the exergy destruction term equal to zero, 


5 y 7 AO (reversibe) _ 4 y 70 (steady) _ 
Xin > Xout v X destroyed = AX system =0 
— aa 
Rateof net exergy transfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
xX in 7 xX out 


my = Wev out +m Wo 


Wrevout = MW; — Wy) = mil(h, — hy) -TCs — sy) — Ake™ — Ape””] 


Substituting, 
Waou = mi (h hy) To (sı So )] 
= (15,000/3600 kg/s)[(3273.3 — 2645.2) kJ/kg — (298 K)(6.5579 — 7.5931) kJ/kg -K ] 
= 3902 kw 
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8-75E Air is compressed steadily by a 400-hp compressor from a specified state to another specified state while being 
cooled by the ambient air. The mass flow rate of air and the part of input power that is used to just overcome the 
irreversibilities are to be determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Potential energy changes are 
negligible. 3 The temperature of the surroundings is given to be 60°F. 


Properties The gas constant of air is R = 0.06855 Btu/lbm.R (Table A-1E). From the air table (Table A-17E) 
hy = 124.27 Btu/Ibm 


T, =520R 
i ) s? = 0.59173 Btu/lbm-R 350 ft/s 
150 psia 
h, = 260.97 Btu/lbm 620°F 
T, =1080R } * 
s3 = 0.76964 Btu/lbm : R i 
A : i; 1500 Btu/min 
Analysis (a) There is only one inlet and one exit, and thus 
m = m, =m. We take the actual compressor as the system, which is a AIR 
control volume. The energy balance for this steady-flow system can 400 hp 
be expressed as f 
- - _ ` 70 (steady) T , 
Ein D E out = AE system x =0 15 psia 
Rate of net energy transfer Rate of change in internal, kinetic, 60°F 
by heat, work, and mass potential, etc. energies 
Ein z E out 
: à 2 y. Dy = y. 2 
Wain +l +V? 12) = lh +03 12) + Oon > Wain -Oou = til hz — hy + 


Substituting, the mass flow rate of the refrigerant becomes 


(400 hp) 


[oes aus) 
2 25,037 ft? /s? 


2 say 
- (1500/60 Btu/s) = a non Sip eo) eee 


It yields m = 1.852 Ibm / s 
(b) The portion of the power output that is used just to overcome the irreversibilities is equivalent to exergy destruction, 
which can be determined from an exergy balance or directly from its definition X destroyed = ToS gen Where the entropy 
generation Sgen is determined from an entropy balance on an extended system that includes the device and its immediate 
surroundings. It gives 

E + 8 7 =o 


gen = AS system 
— —— 
Rate of net entropy transfer Rate of entropy Rate of change 


by heat and mass generation of entropy 
ms, — MS — Qo + Sen =0 > Sai = mis, —s,)+ Pout 
b,surr To 
where 
0 0 P, 150 psia 
Sy —S; =s —s; Rn = = (0.76964 — 0.59173) Btu/Ibm — (0.06855 Btu/Ibm.R) In iene = 0.02007 Btu/lbm.R 
1 psia 
Substituting, the exergy destruction is determined to be 
p BS . = . TONN 
X destroyed = ToS gen ra To m(sz =s) tr 
0 
lh 
= (520 R) (1.852 Ibm/s)(0.02007 Btu/lbm-R) + 1200/60 Buus P| _62.72hp 
520R 0.7068 Btu/s 
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8-64 


8-76 Hot combustion gases are accelerated in an adiabatic nozzle. The exit velocity and the decrease in the exergy of the 
gases are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes are negligible. 
3 The device is adiabatic and thus heat transfer is negligible. 4 The combustion gases are ideal gases with constant specific 
heats. 


Properties The constant pressure specific heat and the specific heat ratio are given to be c, = 1.15 kJ/kg.K and k= 1.3. The 
gas constant R is determined from 


R=c,-cy =c, —¢, /k=c,(1-1/k) = (L.15kI/kg-K)(1-1/1.3) = 0.2654 kJ/kg-K 


Analysis (a) There is only one inlet and one exit, and thus m, = m, =m. We take the nozzle as the system, which is a 
control volume. The energy balance for this steady-flow system can be expressed as 


5 i 5 70 (stead; 
Ein = E out = AE system ee =0 
RS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in — E out 
230 kP 
5 ; ae ay Comb. 70 kPa 
(h, +V2 12) =m(h, + V3/2) (since W =O = Ape = 0) 627°C gases 450°C 
sn 28 60 m/s 
V5 = Vi 
m =m- 


Then the exit velocity becomes 


V» = 2c, (7 -T,) +V? 


= pau kJ/kg -K)(627 - sox 


1000 m?/s? 


+ (60 m/s)? 
1kJ/kg 
= 641 m/s 


(b) The decrease in exergy of combustion gases is simply the difference between the initial and final values of flow exergy, 
and is determined to be 


Wi -V2 = Wrey =h —hy —Ake Ape” +Ty(s7 -s1) =c, (T, -T,)+ To (83 -51)- Ake 


where 
y2 -y? Ja 2 
ake I2 1 _ (641 mis)? - (60 m/s) 1kg -|=203.6 bike 
2 2 1000 m* /s 
and 
P. 
— s, =c. In—-RIn— 
So S1 Cp n ; P, 
E E E ke Ka 
900K 230 kPa 
= 0.06386 kJ/kg -K 
Substituting, 


Decrease in exergy =Y; -Y> 
= (1.15 kJ/kg - K)(627 — 450)°C + (293 K)(0.06386 kJ/kg - K) — 203.6 kJ/kg 
= 18.7 kJ/kg 
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8-65 


8-77 Steam is accelerated in an adiabatic nozzle. The exit velocity of the steam, the isentropic efficiency, and the exergy 
destroyed within the nozzle are to be determined. 


Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 


Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 
P =7 ae = 3411.4 kJ/kg 


T, =500°C | sı =6.8000 kJ/kg -K Bi 
7 MPa 


P, =5 MPa | hy =3317.2 kJ/kg are 5 MPa 
T, = 450°C Í s, = 6.8210 kJ/kg -K Rica cote ee es OG 


P,, =5 MPa 


Sos = S1 


fs = 3302.0 kJ/kg 


Analysis (a) We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow 
system can be expressed in the rate form as 


a : _ : AO (steady) = 
Ein = E out T AE system =0 
UNA, —_—Y’ 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in — E out 


ri(h, +V,° /2) = 1i(hy +V3/2) (sinceW =O = Ape = 0) 
VE -v? 


0=h, -h + 7 


Then the exit velocity becomes 


27,2 
Va =42(h -h,)+ V? = pea 1.4-3317.2) une me) + (70 m/s)? = 439.6 m/s 
g 


(b) The exit velocity for the isentropic case is determined from 


2/2 
Va, = 20h, —fy,)+V2 = pea 1.4-3302.0) ern OR) +(70 m/s)? =472.9 mis 
g 


Thus, 


_ Vz 1/2 _ (439.6 mis)? /2 


. — = 86.4% 
V2 /2 (472.9m/s)? /2 


1N 


(c) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X gesroyed = ToS gen Where the entropy generation Sgen is determined from an entropy balance on the actual nozzle. 


gen 
It gives 
$ : : cae. 20 
Sin g Sout + Sgen a AS system =0 
= — 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, —MS 4 + Sen =0 > Sas = tis -s;) Or Sgen = $2 75] 
Substituting, the exergy destruction in the nozzle on a unit mass basis is determined to be 


Xaestroyed = ToS gen = To (S2 — 81) = (298 K)(6.8210-— 6.8000)kJ/kg -K = 6.28 kJ/kg 
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8-66 


8-78 Air is compressed in a steady-flow device isentropically. The work done, the exit exergy of compressed air, and the 
exergy of compressed air after it is cooled to ambient temperature are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The process is given to be reversible 
and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 3 The environment temperature and 
pressure are given to be 300 K and 100 kPa. 4 The kinetic and potential energies are negligible. 


Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The constant pressure specific heat and specific heat 
ratio of air at room temperature are c, = 1.005 kJ/kg.K and k= 1.4 (Table A-2). 


Analysis (a) From the constant specific heats ideal gas isentropic relations, ae 
a 


(k-1)/k 0.4/1.4 _ 
P 1000 kP S2= 5 
T, =7/ J = (300 Kf J = 579.2 K 


100 kPa 


For a steady-flow isentropic compression process, the work input is determined from 


AIR 
KRT, : 
Woömpii E G » [Pet -1| f 
_ (1.4)(0.287kI/kg -K)(300K) {i 000/100)°4""4 -1} 100 kPa 
1.4-1 300 K 
= 280.5 kJ/kg 


(b) The exergy of air at the compressor exit is simply the flow exergy at the exit state, 


0 
27 


y. i a f 
Wo =h, -ho -To (So So)” + Eg + g7 (since the proccess 0 - 2 is isentropic) 


= Cp (T, g To ) 

= (1.005 kJ/kg.K)(579.2 -300)K = 280.6 kJ/kg 
which is the same as the compressor work input. This is not surprising since the compression process is reversible. 
(c) The exergy of compressed air at 1 MPa after it is cooled to 300 K is again the flow exergy at that state, 


27 


3 n° 
W3 =h; -ho -To (s3 aa + 973 


=c,(T;—T))” -To(s3—59) (since T; = To = 300K) 


=-Ty (s3 = s0) 
where 
a P P 1000 kP 
s3 -so =c, In —RIn— =-RIn— = -(0.287 kJ/kg : K)in —— 2 = -0.661 kJ/kg.K 
pi To P, P, 100 kPa 
Substituting, 


v3 = -(300 K)(-0.661 kJ /kg.K) = 198 kJ / kg 


Note that the exergy of compressed air decreases from 280.6 to 198 as it is cooled to ambient temperature. 
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8-79 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed to 
enter the tank. The mass of the R-134a that entered the tank and the exergy destroyed during this process are to be 
determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 


energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank (will be 
verified). 


Properties The properties of refrigerant are (Tables A-11 through A-13) 


= 3 

P =1.2MPa Vi =V, @1.2MPa = 9.01672 m` /kg 

Uj =U s @12MPa = 253-81 kJ/kg 
sat. vapor 

S1 =Sg@12MPa = 0.91303 kJ/kg -K 

= 3 
Sa, uy =U ¢@14MPa = 125.94 kJ/kg 

sat. liquid 

55> S f @14MPa = 0.45315 kJ/kg-K 
P, =1.6 MPa | h; = 93.56 KJ/kg nal WaPo 
T; =30°C s; =0.34554 kJ/kg -K 


Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 


nonflowing fluids are represented by enthalpy A and internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance: 
Min Mout = AM system > m,=M,—mM, 

Energy balance: 
Ein a E out = AE 


—— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


system 


Qin +m;h; =m u,—m,u, (since W = ke = pe = 0) 


(a) The initial and the final masses in the tank are 


v 0.1m? 
m == = 5.983 kg 
vi 0.01672 m3/kg 
v. 0.1 m? 
m, =—2= = =109.10 kg 


V3  0.0009166 m*/kg 


Then from the mass balance 


m; =m, —m, =109.10 -5.983 = 103.11 kg 


The heat transfer during this process is determined from the energy balance to be 


Qin =—m;h; + mu, -mu 
= -(103.11 kg\(93.56 kJ/kg) + (109.10)(125.94 kJ/kg )- (5.983 kg\(253.81 kJ/kg) 
=2573 kJ 
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = oS gen - The entropy generation Sgen in this case is determined from an entropy balance on an 


extended system that includes the tank and its immediate surroundings so that the boundary temperature of the extended 
system is the surroundings temperature T,,,, at all times. It gives 


Sin ~ Sout + Sgen > AS system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
> +m;s;+ Sgen = AS tank = (282 — 1S} ) tank Substituting, the exergy destruction 
b,in 
_ Qin 
Sgen = M Sy —MıS1 —M;Si 
T 0 
is determined to be 
Qin 


X destroyed = ToS gen =T) M Sy —MS) —M;S; 
0 
= (318 K)[109.10 x 0.45315 —5.983x 0.91303 — 103.11 0.34554 — (2573 kJ)/(318 K)| 


= 80.3 kJ 
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8-80 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and half of mass in 
liquid form is withdrawn from the tank. The temperature in the tank is maintained constant. The amount of heat transfer, 
the reversible work, and the exergy destruction during this process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid leaving the device remains constant. 2 Kinetic and 
potential energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is to the tank 
(will be verified). 


Properties The properties of water are (Tables A-4 through A-6) 


Q 
3 
T, = 170°C. vi = V r@170°C = 0.001114 m /kg 
eerie Uy =U Wa. = 718.20 kJ/kg 
sat. liquid f@I170°C 
81 =S r@iqoc = 2.0417 kJ/kg -K 


T, =170°C | he =h par gre = 719.08 kJ/kg 
S 


sat. liquid e =S same = 2.0417 kJ/kg: K 
Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, 


the mass and energy balances for this uniform-flow system can be expressed as 
Mass balance: 


Min — Mout = AM > m, =m-m, 


system 
Energy balance: 
E in E out = system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin =m,h, +myu, —mu, (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


V 0.6 m? 
¥, 0.001114 m°/kg 


m, = Zm = 5 (538.47 kg)= 269.24 kg =m, 


m; = 538.47 kg 


Now we determine the final internal energy and entropy, 


3 
ERARE L L aa ke 
m, 269.24 kg 
V,—-vV = 
v, = Y2 TP _ 0.002229-0.001114 _ 9 004614 


Vig 0.24260 — 0.001114 


T, =170°C Uy =U p +XzU p =718.20+ (0.004614\(1857.5)= 726.77 kJ/kg 
x3 = 0.004614 | s3 =S p +25 p =2.0417 + (0.004614)(4.6233) = 2.0630 kJ/kg -K 


The heat transfer during this process is determined by substituting these values into the energy balance equation, 


Qin = Mehe +Mm,u, = mu; 
= (269.24 kg)(719.08 kJ/kg)+ (269.24 kg (726.77 kJ/kg)- (538.47 kgX718.20 kJ/kg) 
=2545 kJ 
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X gestroyed = ZS gen - The entropy generation Sgen in this case is determined from an entropy balance on an 


extended system that includes the tank and the region between the tank and the source so that the boundary temperature of 
the extended system at the location of heat transfer is the source temperature Tsource at all times. It gives 


Sin E Sout + Sgen = AS system 
ees, 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qin =, = 
—M.S.e Figen = AS tank = (m8 — 51) tank 
b,in 

S ieee 

gen 2°2 te ere 

source 
Substituting, the exergy destruction is determined to be 
Qin 


X destroyed = ToS gen = To M52 = MS] FMeSe — 
source 


= (298 K)[269.24 x 2.0630 — 538.47 x 2.0417 + 269.24 x 2.0417 — (2545 KJ)/(523 K)] 
=141.2 kJ 
For processes that involve no actual work, the reversible work output and exergy destruction are identical. Therefore, 


X destroyed = W ev out z W ict,out => W iev, out =X destroyed =141.2kJ 
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8-81E An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is opened, and air 
is allowed to escape at constant temperature until the pressure inside drops to 20 psia. The amount of electrical work done 
and the exergy destroys are to be determined. 

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air remains constant. 2 Kinetic and 
potential energies are negligible. 3 The tank is insulated and thus heat transfer is negligible. 4 Air is an ideal gas with 
variable specific heats. 5 The environment temperature is given to be 70°F. 

Properties The gas constant of air is R = 0.3704 psia.ft’/Ibm.R (Table A-1E). The properties of air are (Table A-17E) 


T, = 640 R —> h, =153.09 Btu/lbm 
T, = 640R —>u, =109.21 Btu/lbm T, = 640R —>u, =109.21 Btu/Ibm 


Analysis We take the tank as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy / and internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance: Min — Mout =AMegystem —> Me =M -m 
Energy balance: 

E in E out = system 

ee 

Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
= ; Ea Eee 40 psia 
Wein -Mehe =myU,—myu, (since Q = ke = pe = 0) P 


180°F 
The initial and the final masses of air in the tank are 


PV 40 psia)(260 ft? 

m= = See) = 43.86 Ibm 
RT, (0.3704 psia - ft? /Ibm - R)(640 R) 
PV i g 

m, -V __ COpsiaAQOot) _ 5) 931mm 


RT, (0.3704 psia - ft3/Ibm- R)(640 R) 
Then from the mass and energy balances, 
m, =m; — m, = 43.86 — 21.93 = 21.93 lbm 
W, 


e,in 


=m,h, + muy — mu 
= (21.93 Ibm)(153.09 Btu/Ibm) + (21.93 Ibm)(109.21 Btu/Ibm) — (43.86 lbm)(109.21 Btu/Ibm) 
=962 Btu 


(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed =ZoS gen Where the entropy generation Sgen is determined from an entropy balance on the insulated 


tank. It gives 


gen 


Sin T Sout E S sen = AS system 
——— —— 
Net entropy transfer Entropy Change 


by heat and mass generation in entropy 


ZMS e +S ge = AS tank = (M252 — 151) tank 
Sgen = MS —MıS1 +M;Se 
=M,S, —m 8, + (m; =mM3)Se 
=M (S2 =Se)= M (S1 =Se) 
Assuming a constant average pressure of (40 + 20) / 2 = 30 psia for the exit stream, the entropy changes are determined to 
be 


qr P i 
S3 =S =¢, In—2~~ RIn— = -(0.06855 Btu/lbm - R) In 20 Psia _ 9 02779 Btu/lbm-R 
T; P; 30 psia 
n” P 40 psi 
sı = s =c, n+ ~ RIn— = ~(0.06855 Btu/Ibm - R) In 72 = -0.01972 Btu/Ibm-R 
T, i 30 psia 


Substituting, the exergy destruction is determined to be 
X destroyed = ToS gen = To [m (s2 —S,) =m; (sı TSe )] 
= (530 R)[(21.93 Ibm)(0.02779 Btu/lbm- R) — (43.86 Ibm)(—0.01972 Btu/lbm- R)| = 782 Btu 
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8-82 A cylinder initially contains helium gas at a specified pressure and temperature. A valve is opened, and helium is 
allowed to escape until its volume decreases by half. The work potential of the helium at the initial state and the exergy 
destroyed during the process are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process by using constant average properties for the helium leaving the tank. 2 Kinetic 
and potential energies are negligible. 3 There are no work interactions involved other than boundary work. 4 The tank is 
insulated and thus heat transfer is negligible. 5 Helium is an ideal gas with constant specific heats. 


Properties The gas constant of helium is R = 2.0769 kPa.m’/kg.K = 2.0769 kJ/kg.K. The specific heats of helium are Cp = 
5.1926 kJ/kg.K and cy= 3.1156 kJ/kg.K (Table A-2). 


Analysis (a) From the ideal gas relation, the initial and the final masses in the cylinder are determined to be 


OPV (300 kPa)(0.1 m°) 
RT, (2.0769 kPa - m°?/kg -K)(293 K) 


m; = 0.0493 kg 


m, =m, =m; / 2 =0.0493/2 = 0.0247 kg 


The work potential of helium at the initial state is simply the initial exergy of HELIUM 


helium, and is determined from the closed-system exergy relation, 


®, =m% = m [u Ug )-Ty(s 59) +Py(Y, —=vo)] 


where 
RT, : m? : 
ka 1 _ (2.0769 kPa -m` /kg - K)(293 K) -2.0284 m3/kg 
P, 300 kPa 
RT) (2. kPa-m?/kg-K)(293K 
ye _ (2.0769 kPa -m` /kg -K)(293 ) -6.405 m3/kg 
P, 95 kPa 
and 
T, P 
Sı —Sọ =C, In 1 — Rin 
: i 293K 300 kP 
= (5.1926 kJ/kg-K) In — (2.0769 kJ/kg- K) In È 
293K 95 kPa 
= —2.388 kJ/kg-K 
Thus, 


®, = (0.0493 kg) {(3.1156 kJ/kg - K)(20 — 20)°C — (293 K)(-2.388 kJ/kg - K) 
+ (95 kPa)(2.0284 — 6.405)m°/kg[kJ/kPa -m° ]} 
=14.0kJ 


(b) We take the cylinder as the system, which is a control volume. Noting that the microscopic energies of flowing and 
nonflowing fluids are represented by enthalpy A and internal energy u, respectively, the mass and energy balances for this 
uniform-flow system can be expressed as 


Mass balance: 


Min Mout = Am > m =m-m, 


system 
Energy balance: 
E in E out AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin Mehe +Wo in = Mu -Mu 


Combining the two relations gives 
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Qin = (m, =m )he +M — MU, —Wy in 
=(m,—my)h, +m,h, — mh, 


=(m, —m, +m, -m jh, 


since the boundary work and AU combine into AH for constant pressure expansion and compression processes. 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = LoS gen Where the entropy generation Sgen can be determined from an entropy balance on the cylinder. 


Noting that the pressure and temperature of helium in the cylinder are maintained constant during this process and heat 
transfer is zero, it gives 


Dir eat + Sgen = AS 
= 


— + 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


system 


Mese + Sgen = AS sylinder = (m52 TS; ) cylinder 
Sgen = M787 —M,S,;+M,S. 
= MS = MS; + (M; =M3)Se 


=(m, -m +m, -m3)S] 
=0 


since the initial, final, and the exit states are identical and thus se = s2 = sı. Therefore, this discharge process is reversible, 
and 


xX destroyed 7 ToS, =0 


gen 
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8-83 A rigid tank initially contains saturated R-134a vapor at a specified pressure. The tank is connected to a supply line, 
and R-134a is allowed to enter the tank. The amount of heat transfer with the surroundings and the exergy destruction are to 
be determined. 
Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Kinetic and potential 
energies are negligible. 3 There are no work interactions involved. 4 The direction of heat transfer is from the tank (will be 
verified). 
Properties The properties of refrigerant are (Tables A-11 through A-13) 


z = 250.68 kI/k — 
P, =1 MPa ) | ees 5 R-134a 1.4 MPa 
S1 =Sg@impa = 0.91558 KJ/kg-K 


Vi =Ye@impa = 0.020313 m° /kg 


P, =1.4MPa | h, = 285.47 kJ/kg 
T,=60°C Ís; =0.93889 kJ/kg -K 


Analysis (a) We take the tank as the system, which is a control volume since mass 
crosses the boundary. Noting that the microscopic energies of flowing and 

nonflowing fluids are represented by enthalpy / and internal energy u, respectively, Sat. vapor 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: Min —Mout = AMgystem > M; =M, —M, 


sat.vapor 


Energy balance: 


E in E out g AE system 
Ayal 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; —Qoy = Mu —myu, (since W = ke = pe = 0) 
The initial and the final masses in the tank are 


v 2m? 
my == g 
vı  0.020313m?/kg 
V; v, 1m? Im? 
Pe Ee eee ee ee een =111.93+5.983=117.91kg 


Vs Ve  0,0008934m?/kg 0.016715 m? /kg 

Uy =m, =m ur +myu, =111.93x 116.70 + 5.983 x 253.81 = 14,581 kJ 

Sy =MyS.=M rs ¢ +M,Sg =111.93 x 0.42441 + 5.983 x 0.91303 = 52.967 kJ/K 
Then from the mass and energy balances, 

m; =m, —m, =117.91 — 9.846 = 108.06 kg 
The heat transfer during this process is determined from the energy balance to be 

Qout = jh; -mu +m;u; =108.06 x 285.47 -14,581 +9.846 x 250.68 = 18,737 kJ 
(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = ToS gen - The entropy generation Sgen in this case is determined from an entropy balance on an 


extended system that includes the cylinder and its immediate surroundings so that the boundary temperature of the extended 
system is the surroundings temperature Tsur at all times. It gives 


S in S out t S gen 7 AS system 
T 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
_ Qout + +S = AS = = 
T MiS; gen 7 AÐ tank (M2S2 =M S1) tank 
b,out 
z Qout 
Sgen = MS —M,S; —M;S; + 
0 


Substituting, the exergy destruction is determined to be 


Qout 


X destroyed = ToS gen = To| M282 — S81; —M;S; + 


0 
= (298 K)[52.967 — 9.846 x 0.91558 — 108.06 x 0.93889 + 18,737 / 298] 
= 1599 kJ 
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8-84 An insulated cylinder initially contains saturated liquid-vapor mixture of water. The cylinder is connected to a supply 
line, and the steam is allowed to enter the cylinder until all the liquid is vaporized. The amount of steam that entered the 
cylinder and the exergy destroyed are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 The expansion process is 
quasi-equilibrium. 3 Kinetic and potential energies are negligible. 4 The device is insulated and thus heat transfer is 
negligible. 


Properties The properties of steam are (Tables A-4 through A-6) 


P, =300 kPa hy =h; + xih p =561.43 + 0.8667 x 2163.5 = 2436.5 kJ/kg 
x, =13/15 = 0.8667 Í sı =S; + x15 g =1.6716 + 0.8667 x 5.3200 = 6.2824 kJ/kg -K 


sat.vapor S2 =S @300kPa = 6-9917 kJ/kg : K 


P, =2 oe = 3248.4 kJ/kg 


. - H2O 
T, =400°C | s; =7.1292 kJ/kg: K 300 kPa 
Analysis (a) We take the cylinder as the system, which is a control volume. P = const. 


Noting that the microscopic energies of flowing and nonflowing fluids are 
represented by enthalpy / and internal energy u, respectively, the mass and 
energy balances for this unsteady-flow system can be expressed as 


Mass balance: Min — Mout =AMeystem > M; =M -mM]; 
Energy balance: 
E in E out = AE system 
— giaa 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


mh; = Wry out +MyUy —myu, (since Q = ke = pe = 0) 
Combining the two relations gives 0=W, out — (m, -m Jh; +m,u, -mu 
or, 0=-(m, -m J; +m,h, — mh; 


since the boundary work and AU combine into AH for constant pressure expansion and compression processes. Solving for 
m, and substituting, 

use h; -h pe (3248.4 — 2436.5)kJ/kg 

? ! (8248.4 —2724.9)kI/kg 


hi- hy 
Thus,  m;=m, -m =23.27—-15=8.27 kg 


(15 kg) = 23.27 kg 


(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = ToS gen Where the entropy generation Sgen is determined from an entropy balance on the insulated 


cylinder, 
Sin 7 Sout F Sgen = AS system 
Ka 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
MS; + S sen = AS system = MS —M 8, 


Sgen = MS. —M,S; —M;S; 
Substituting, the exergy destruction is determined to be 
X destroyed = ToS gen = To[mzsz — ms; —m;5;] 


= (298 K)(23.27 x 6.9917 — 15 x 6.2824 — 8.27 x 7.1292) 
= 2832 kJ 
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8-85 Each member of a family of four takes a shower every day. The amount of exergy destroyed by this family per year is 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3 Heat losses from 
the pipes, mixing section are negligible and thus Ò = 0. 4 Showers operate at maximum flow conditions during the entire 


shower. 5 Each member of the household takes a shower every day. 6 Water is an incompressible substance with constant 
properties at room temperature. 7 The efficiency of the electric water heater is 100%. 


Properties The density and specific heat of water are at room temperature are p = 997 kg/m’ and c = 4.18 kJ/kg.°C (Table 
A-3). 


Analysis The mass flow rate of water at the shower head is 
m = pV = (0.997 kg/L)(10 L/min) = 9.97 kg/min 


The mass balance for the mixing chamber can be expressed in the rate form as 


70 (steady) _ 0 


Min Mout = AM system > Min = Moy D Mı +M, =M; 


where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture. 


The rate of entropy generation during this process can be determined by applying the rate form of the entropy 
balance on a system that includes the electric water heater and the mixing chamber (the T-elbow). Noting that there is no 
entropy transfer associated with work transfer (electricity) and there is no heat transfer, the entropy balance for this steady- 
flow system can be expressed as 


: s ; _ Ae <0 (steady) 
S in S out + S gen = AS system 
K— —— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, +M3S3 — M353 + Seen =0 (since Q =0 and work is entropy free) 


Sgen = M353 —MıS1 — M252 


Noting from mass balance that m, + m, = m, and sz = sı since hot water enters the system at the same temperature as the 

cold water, the rate of entropy generation is determined to be 

Sgen = 11383 — (m; + My), = Mm3(83 — 81) = M3C, ee 
1 


= (9.97 kg/min)(4.18 kJ/kg.K) = = 3.735 kJ/min.K 


Noting that 4 people take a 6-min shower every day, the amount of entropy generated per year is 


Sgen = (Sgen )At(No. of people)(No. of days) 
= (3.735 kJ/min.K)(6 min/person - day)(4 persons)(365 days/year) 
= 32,715 kJ/K (per year) 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (298 K)(32,715 kI/K) = 9,749,000 kJ 


gen 


Discussion The value above represents the exergy destroyed within the water heater and the T-elbow in the absence of any 
heat losses. It does not include the exergy destroyed as the shower water at 42°C is discarded or cooled to the outdoor 
temperature. Also, an entropy balance on the mixing chamber alone (hot water entering at 55°C instead of 15°C) will 
exclude the exergy destroyed within the water heater. 
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8-86 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing temperature, the mass 
flow rate of the steam and the rate of exergy destruction are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 


Properties Noting that T < T at @ 200 kPa = 120.23°C, the cold water and the exit mixture streams exist as a compressed liquid, 
which can be approximated as a saturated liquid at the given temperature. From Tables A-4 through A-6, 


P, = 200 kPa | hy =h raise = 92.98 kJ/kg 


T, =15°C Ss, S r@isC = 0.22447 kJ/kg -K 600 kJ/min 
P, =200 kPa} h, =2870.4 kJ/kg 
T, = 200°C k = 7.5081 kJ/kg -K 15° 
4 kg/s MIXING 
P, =200 kPa } hy = h paso =335.02 kJ/kg CHAMBER | 80°C © 
T, =80°C \. = s asoc = 1.0756 kJ/kg -K 200 kPa 


© 200°C, 


Analysis (a) We take the mixing chamber as the system, which is a 
control volume. The mass and energy balances for this steady-flow 
system can be expressed in the rate form as 


#0 (steady) 


Mass balance: Min — Mout = AMeystem =0 —> m, +m, =m, 
Energy balance: 
5 z = 5 70 (steady) _ 
Ein = E out = AE system =0 
Soe SS 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


mh, + mMzhy =Qoy + m3h 
Combining the two relations gives Qu = mh, + rityhy — (m, +m Jh; =m (hi — h; )+ r (hy -h ) 
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be 


ma Qour — ri (h — hz) _ (600/60 KJ/s) — (4 kg/sX62.98 — 335.02)kJ/kg _ 0.429 kgls 
a hy — hy (2870.4 — 335.02)kI/kg 


Also, m, =m, +m, =4+0.429 = 4.429 kg/s 

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its 

definition X destroyed = ToS gen Where the entropy generation Sgen is determined from an entropy balance on an extended 
system that includes the mixing chamber and its immediate surroundings. It gives 


Sn- So + Se: SAS ysm 0 


in system 
—— — YY 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
: . : Qout . ca 5 -s . . Qout 
MS, +M3S3 — M353 — ES gen =0 > S gon = m3S3 — MS] — M353 Ag 
b,surr 0 


Substituting, the exergy destruction is determined to be 


X destroyed = ToS gen =Tp M353 —M 7S. — MS, + : 
b,surr 
= (298 K)(4.429 x 1.0756 — 0.429 x 7.5081 — 4 x 0.22447 +10/298)kW/K 
= 202kW 
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8-87 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer and the rate of exergy 


destruction in the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C, respectively. The gas 
constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis We take the exhaust pipes as the system, which is a control 


volume. The energy balance for this steady-flow system can be | 
expressed in the rate form as ; 
Air 
; ; = 5 70 (steady)  _ 101 kPa 
Ein T E out = AE system hans =0 7 TF S S 
Rate of net transf f ch: Lk 30°C S 
ate of net ener; ranster ini i i 
by heat, work, nd mass SS ‘potential, e energias meug 0.5 m?/ S S © S 
E in 7 E out 
mh, =Ooy +h, (since Ake = Ape = 0) 
Ogu = MC, (T, -7) Exhaust gases 


1.1 kg/s, 190°C 
Then the rate of heat transfer from the exhaust gases becomes 


Ò = [mc , (Ti, — Tout Ness. = (1.1 kg/s)(1.1 kJ/kg.°C)(240°C — 190°C) = 60.5 kW 
The mass flow rate of air is 


sa PV (101KPa)(0.5 m*/s) 


= = = 0.5807 kg/s 
RT (0.287 kPa.m?/kg.K) x 303 K 


Noting that heat loss by exhaust gases is equal to the heat gain by the air, the air exit temperature becomes 


Ò= iC, Tou EE wie 2 L 30°C 4 eva =133.7°C 
air ric , (0.5807 kg/s)(1.005 kJ/kg.°C) 


The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance on 
the entire heat exchanger: 


` Š _ Ae <0 (steady) 
Sin ~ Sout + Deh zi AS system 
——— 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


mısı +m3S3 — MaS —M3S4 +S gon =0 (since O=0) 
MexhaustS1 + MairS3 — Mexhaust$2 7 Mairs 4 +S gen =0 
Sgen = M exhaust (S2 =S1)+ Mair (S4 —53) 


Noting that the pressure of each fluid remains constant in the heat exchanger, the rate of entropy generation is 


. T. T, 

age 2 . 4 

Sgen = M exhaust? p io + Mair p In — 
1 3 


0+2 


19 
=(1.1k 1.1 kJ/kg.K)ln —_—_ 
(1.1 kg/s)(1.LkW/kg. K)In = 


- + 
= + (0.5807 kg/s)(1.005 kI/kg.K)in 133-7 * 273 


30+ 273 


= 0.04765 kW/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (303 K)(0.04765 kW/K) = 14.4kW 
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8-79 


8-88 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of exergy destruction 
within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The specific heats of water and oil are given to be 4.18 and 2.3 kJ/kg.°C, respectively. 


Analysis We take the cold water tubes as the system, which is a control volume. Oil 
The energy balance for this steady-flow system can be expressed in the rate form as eee 
. ; : AO (stead i 
Ein z E out = AE system (endy) =0 10 kg/s 
Rate of net energy transfer ini ineti 
b heat, work, ad mass Sa pra eager? 70°C —*—& 
E in — E out Wat 
: ; : f ater 
Qin + miei =mh, (since Ake = Ape = 0) 20°C : 
Qin =mce ,(T, -T,) 4.5 kg/s 
E $ 8 (12 tube passes) 
Then the rate of heat transfer to the cold water in this heat exchanger becomes | 


Ò = [rnc „(Tou — Tin water = (4-5 ke/s)(4.18 KJ/kg.°C)(70°C — 20°C) = 940.5 kW 


Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot water is determined 
from 


Q = [mc, (Tin -Tout Noit => Loit = Tin x 2 =170°C ee = 129.1°C 
hc, (10 kg/s)(2.3kJ/kg.°C) 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


$ -5 + $ -A$ V0 (steady) 


in out gen system 
an 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


mısı +353 = mzs) —M3S4 PO wed =0 (since Q=0) 


m 


waterS1 + MoitS3 ~M waterS2 — MoiS4 Sgen =0 


Sgen = M water (S2 = 581) + Moi (84 = s3) 


Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be 


: : T, ; T. 
S gon = M water p ng i i 
70 + 273 129.1+ 273 
= (4.5 kg/s)(4.18 KJ/kg.K) In ~~ + (10 kg/s)(2.3 kJ/kg.K) In “> = 0.736 KW/K 
arene ate 20+ 273 PREN BK) 170 +273 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = LoS gen > 


X destroyed = ToS gen = (298 K)(0.736 KW/K) = 219 kW 
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8-80 


8-89E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of exergy destruction 
within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The temperature of the 
environment is 77°F. 


Properties The specific heat of water is 1.0 Btu/Ibm.°F (Table A-3E). The enthalpy and entropy of vaporization of water at 
120°F are 1025.2 Btu/lbm and sg = 1.7686 Btu/Ibm.R (Table A-4E). 


Analysis We take the tube-side of the heat exchanger where cold water is flowing as the system, which is a control volume. 
The energy balance for this steady-flow system can be expressed in the rate form as 


Ein re E ot = ME ees ace =0 
Ss SS 
Rate of net energy transfer Rate of change in internal, kinetic, i Steam 
by heat, work, and mass potential, etc. energies on 120°F 
Ein =E out 73°F 
Oin +mh, =mh, (since Ake = Ape = 0) ia 
Qin =me ,(T, -T,) 
Then the rate of heat transfer to the cold water in this heat exchanger becomes 
Ò z [mc , (Tout = Tin )] water 60°F 
S —— 
= (115.3 lbm/s)(1.0 Btu/lbm.°F)(73°F — 60°F) = 1499 Btu/s 
Water 
Noting that heat gain by the water is equal to the heat loss by the condensing o 
steam, the rate of condensation of the steam in the heat exchanger is 120°F i 
determined from 


Ò g (mh g J steam = > M steam = aes = ee = 1.462 lbm/s 


hy 1025.2 Btu/Ibm 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


3 x ; <0 (steady) 
S in S out + S gen = AS system 
— e 4 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


mısı +353 —My7S> —M454 ES ge =0 (since Q = 0) 


m 


Ss; +m S3 —MyaterS2 T M steams 4 +S gen =0 


water steam 


Sgen = M water (S2 = S1) + Msteam ($4 —53) 


Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


ae 
water © p In T, =M steam fe 


1 1 


. T. 
ae 2 s ee 
Soi = M water? p In tistem (S 5 —s,)=m 


3+ 46 


= (115.3 lbm/s)(1.0 Btu/Ibm.R)In _—_ — (1.462 Ibm/s)(1.7686 Btu/Ibm.R) = 0.2613 Btu/s.R 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (537 R)(0.2613 Btu/s.R) = 140.3 Btu/s 
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8-81 


8-90 Steam expands in a turbine, which is not insulated. The reversible power, the exergy destroyed, the second-law 
efficiency, and the possible increase in the turbine power if the turbine is well insulated are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 
Analysis (a) The properties of the steam at the inlet and exit of the turbine are (Tables A-4 through A-6) 
P, =9MPa i = 3634.1 kJ/kg 


T, = 600°C | sı = 6.9605 kJ/kg.K Steam 
9 MPa 

P, = 20 kPa hy = 2491.1kJ/kg 600°C. 60 m/s 

x, =0.95 S2 = 7.5535 kJ/kg. K 
The enthalpy at the dead state is 

Q 
To = 25°C 
ho = 104.83 kJ/kg 
x=0 
20 kPa | 

The mass flow rate of steam may be determined from an energy balance on 130 m/s 
the turbine x = 0.95 


i y? ; v2 P ; 
ifn, £] = ih z] +O +, 
2 2 
1kJ/k 1 1kJ/k 
(60 m/s) | ve z) = 2491.1 kJ/kg +4 30 m/s) | abe z) 
2 1000 m*/s 2 1000 m*/s 


+220 kW + 4500 kW ——> m = 4.137 kg/s 


i a0 LkJ/kg + 


The reversible power may be determined from 


$ y2 -y2 
Wie =m) hy —hy -To (s1 =82)+ 5 2 


2 2 
= 2.699] 063s ~ 2491.1) —(298)(6.9605- 7.5535) Ba e) 


2 1000 m*/s* 
= 5451kW 
(b) The exergy destroyed in the turbine is 
X aest = Wrey -Wa = 5451-4500 = 951kW 
(c) The second-law efficiency is 


W, 
1 = W 


rev 


_ 4500 kW 
5451 kW 


= 0.826 


(d) The energy of the steam at the turbine inlet in the given dead state is 


Ò = ra(h, — hg) = (4.137 kg/s)(3634.1-104.83)kJ/kg = 14,602 kW 


The fraction of energy at the turbine inlet that is converted to power is 


4500k 
f= Ma = BOONE aga 
O 14,602kW 


Assuming that the same fraction of heat loss from the turbine could have been converted to work, the possible increase in 
the power if the turbine is to be well-insulated becomes 


Wincrease = JÊou = (0.3082)(220 kW) = 67.8 kW 
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8-82 
8-91 Air is compressed in a compressor that is intentionally cooled. The actual and reversible power inputs, the second law 


efficiency, and the mass flow rate of cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 900 kPa 
negligible. 3 Air is an ideal gas with constant specific heats. 60°C 
80 m/s 


Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of 
air at room is c, = 1.005 kJ/kg.K. the specific heat of water at room 


temperature is c,, = 4.18 kJ/kg.K (Tables A-2, A-3). 
= Compressor 
Analysis (a) The mass flow rate of air is 


Pe x (100 kPa) 


m= pV, =— Ü = 4.5m°/s) = 5.351 kg/s - 
P% = RT, 4 = 0287 kE K0 1273K) ` ) s Air 
100 kPa 
The power input for a reversible-isothermal process is given by 20°C 


900 kPa 
100 kPa 


W, 


rev 


P 
= mRT, In r = (5.351 kg/s)(0.287 kJ/kg.K)(20 + 273 Kn ) = 988.8 kW 
1 


Given the isothermal efficiency, the actual power may be determined from 
Ww rev _ 988.8 kW 


ctal = =1413 kW 
Nr 0.70 


(b) The given isothermal efficiency is actually the second-law efficiency of the compressor 
1u =r =0.70 


(c) An energy balance on the compressor gives 


; i PELVA eee 
Qout = ae (T = T>) + =a + W seauatin 


0- (80 m/s)? ( kJ/kg 


= (5.351 kg/s)| (1.005 kI/kg.°C)(20 - 60)°C + 
( g í g°C)( ) 5 Tree: 


laa kW 


=1181kW 


The mass flow rate of the cooling water is 


oe On 1181kW 
"ce, AT (4.18kI/kg.°C)(10°C) 


= 28.25 kg/s 
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8-83 


8-92 Water is heated in a chamber by mixing it with saturated steam. The temperature of the steam entering the chamber, 
the exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Heat loss from 
the chamber is negligible. 


Analysis (a) The properties of water are (Tables A-4 through A-6) Water Mixing 
15°C 
T, = 15°C) h, = ho = 62.98 kJ/kg 46kgs SSG. haiba 
x, =0 S| = So =0.22447 kJ/kg. K Mixture 
— 
T, a =188.44 kJ/kg 45°C 


S3 = 0.63862 kJ/kg.K Si D Pa 
at. vap. 
0.23 kg/s 
mh + mh, = mh, = (m + mh, 


(4.6 kg/s)(62.98 kJ/kg) + (0.23 kg/s)h, = (4.6 + 0.23 kg/s)(188.44 kJ/kg) 
hy = 2697.5 kJ/kg 


x, =0 


An energy balance on the chamber gives 


The remaining properties of the saturated steam are 


h, = 2697.5 kJ/kg | T, =114.3°C 
x, =1 Sy =7.1907 kJ/kg. K 
(b) The specific exergy of each stream is 

wy, =0 


Wo = hy — Ny -To (82 — S0) 
= (2697.5 — 62.98)kJ/kg — (15 + 273 K)(7.1907 — 0.22447)kJ/kg.K = 628.28 kJ/kg 


Wx = h, — ho —Th(s3 — So) 
= (188.44 — 62.98)kJ/kg — (15 + 273 K)(0.63862 — 0.22447 )kJ/kg.K = 6.18 kJ/kg 


The exergy destruction is determined from an exergy balance on the chamber to be 


X gest = MY + MQW = (ri + my W's 
= 0+ (0.23 kg/s)(628.28 kJ/kg) — (4.6 + 0.23 kg/s)(6.18 kJ/kg) 
=114.7 kw 
(c) The second-law efficiency for this mixing process may be determined from 


(ti, +1) Wz (4.6 + 0.23 kg/s)(6.18 kJ/kg) _ 
Ty, + ry, 0+ (0.23 kg/s)(628.28 kJ/kg) 


0.207 
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8-84 


8-93 An expression is to be derived for the work potential of the single-phase contents of a rigid adiabatic container when 
the initially empty container is filled through a single opening from a source of working fluid whose properties remain 
fixed. 


Analysis The conservation of mass principle for this system reduces to 


dmcy _ 


dt i 


where the subscript į stands for the inlet state. When the entropy generation is set to zero (for calculating work potential) 
and the combined first and second law is reduced to fit this system, it becomes 


es d(U -T)S) 
dt 


+(h-T)S);m; 


When these are combined, the result is 


We a =e + i 
dt 


Recognizing that there is no initial mass in the system, integration of the above equation produces 


Wie = (h-Ts); my —my(hy -Tos2) 
W, 


= (h; hy)-Ty(s; — 5) 
my 


where the subscript 2 stands for the final state in the container. 
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8-85 


Review Problems 


8-94E The 2"-law efficiency of a refrigerator and the refrigeration rate are given. The power input to the refrigerator is to 
be determined. 


Analysis From the definition of the second law efficiency, the COP of the refrigerator is determined to be 


1 1 


(E0) ies ae a 
wey T/T, -1 550/485—1 
COP 1u = 0.28 
1y =—— R > COP, =71,COPp sey = 0.28 x 7.462 = 2.089 i 
COP tev i 


Thus the power input is 800 Btu/min 


Ò, 800 tau Lhp 


Wi. = — |=9.03hp 
COP, 2.089 42.41 Btu/min 


8-95 Refrigerant-134a is expanded adiabatically in an expansion valve. The work potential of R-134a at the inlet, the 
exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The properties of the refrigerant at the inlet and exit of the valve and at dead state are (Tables A-11 through A- 
13) 
P, =0.9MPa | h = 93.57 kJ/kg 
T, =30°C sı =0.34751 kJ/kg.K R-134a 
P, =120 kPa 0.9MPa ——> : | 120 kPa 
Sa =0.37614 kJ/kg.K 30°C 
h, = h =93.57 kJ/kg 


P, =100 kPa | hy = 272.17 kJ/kg 
Ty =20°C | sọ =1.0918 kJ/kg.K 


The specific exergy of the refrigerant at the inlet and exit of the valve are 


Wy =h -ho -To(s1 - So) 
= (93.57 — 272.17)kJ/kg — (20 + 273.15 K)\(0.34751 — 1.0918)kJ/kg -K 
=39.59 kJ/kg 


Wo =hy -ho -To (s2 —S0) 
= (93.57 — 272.17)kJ/kg — (20 + 273.15 K)(0.37614 —1.0918 kJ/kg.K 
=31.20 kJ/kg 


(b) The exergy destruction is determined to be 


X dest =T (So =s) 
= (20+273.15 K)(037614—0.34751)kJ/kg-K 
= 8.39 kJIkg 


(c) The second-law efficiency for this process may be determined from 


py = 22 = SOS L 0.788 = 78.8% 
yı 39.59 KJ/kg 
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8-86 
8-96 Steam is accelerated in an adiabatic nozzle. The exit velocity, the rate of exergy destruction, and the second-law 
efficiency are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible. 


Analysis (a) The properties of the steam at the inlet and exit of the turbine and at the dead state are (Tables A-4 through A- 


6) 
P, =3.5 MPa | h; = 2978.4 kJ/kg 
T, =300°C Í s; =6.4484 kI/kg.K eee 
Steam 1.6 MPa 
P, = 1.6 kPa h, — 2919.9 kJ/kg 3.5 MPa —p 250°C 
T, =250°C | s, =6.6753 kJ/kg.K 300°C V> 
To =18°C | ho =75.54 kJ/kg 
x=0 So =0.2678 kJ/kg. K 


The exit velocity is determined from an energy balance on the nozzle 


y? y? 

hi +— =h, 42 
2 2 

2 2 
1 kJ/k V2/ 1kJ/k 
2978.4 kJ/kg + Cmo (ake) = 2919.9 kJ/kg + yp e) 
2 1000 m^/s 2 (1000 m^/s 

V, =342.0 mis 


(b) The rate of exergy destruction is the exergy decrease of the steam in the nozzle 


. l v? ave 
X dest ae -h re EG -s| 


2 aa 
(2919.9 —2978.4)kJ/kg + EEO -0 | Leie ) 
RRE 2 1000 m2/s 


- (291 K)(6.6753 — 6.4484) kI/kg.K 
=26.41kW 


(c) The exergy of the refrigerant at the inlet is 


; ; Ve 
X, =m h — ho 4 > Tols — So 


= (0.4 kg/s)[(2978.4 — 75.54) kJ/kg + 0 — (291 K)(6.4484 — 0.2678)kI/kg.K | 
= 441.72kW 


The second-law efficiency for this device may be defined as the exergy output divided by the exergy input: 


x 
My =~ =1-—#t =1 2641 EW 201940 
Xi X 441.72 kW 
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8-87 
8-97 R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.85. The second law efficiency is to be 


determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat transfer is 
negligible. 


Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


in out system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Woy = AU = m(u, u) 


From the R-134a tables (Tables A-11 through A-13), 


v, =0.014362 m? /kg 


P, = 1600 kPa 
u, = 282.09 kJ/kg 
T, = 80°C 
5; = 0.9875 kJ/kg -K 
P, =100 kPa 
Uy, = 223.16 kJ/kg 
So, =S] 


The actual work input is 


Waout =r Ws.out = 1r (U1 — Uz) = (0.85)(282.09 — 223.16)kJ/kg = 50.09 kJ/kg 


The actual internal energy at the end of the expansion process is 


Waout = (Uy —U2) >U =U] —We out = 282.09 — 50.09 = 232.00 kJ/kg 
Other actual properties at the final state are (Table A-13) 


P, =100 kPa v, =0.2139 m?/lbm 
u, =232.00 kJ/kg | s, =1.0251 kI/kg-K 


The useful work is determined from 


WTW -P (v2 —%) 


u aout T W. 


surr Wa out 


1k. 
= 50.09 kJ/kg — (100 kPa)(0.2139 — 0.014362) me 
1kPa-m 


=30.14 kJ/kg 
The exergy change between initial and final states is 
-p =u; -u3 + Pi (v =v2)-To (s1 — 52) 


1k 
= (282.09 — 232.00)kJ/kg + (100 kPa)(0.014362 — 0.2139) mère 
1kPa-m 
— (298 K)(0.9875 —1.025 lI) kJ/kg-K 


= 41.34 kJ/kg 
The second law efficiency is then 


Wu _30.14kJ/kg _ o 


= 729 
Ag 41.34 kJ/kg 


11 
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8-88 


8-98 Steam is condensed in a closed system at a constant pressure from a saturated vapor to a saturated liquid by rejecting 
heat to a thermal energy reservoir. The second law efficiency is to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 


Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


Ein Ww E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies s 
team 
_ _ = = q 
W, in Qout =AU = m(Uy "i ) 75 kPa 


Sat. vapor 


From the steam tables (Table A-5), 


vı =v, =2.2172 m*/kg 
u; =u, =2496.1 kJ/kg T 
S1 =Sg = 7.4558 kJ/kg -K 

v, =v; =0.001037 m*/kg 

Uy =u s =384.36 kJ/kg 

S2 =S¢ =1.2132 kJ/kg -K 


r 


Sat. vapor 


P, =75 kPa 
Sat. liquid 


The boundary work during this process is 
3 1kJ 
Wpin = P(V1 — v2) = (75 kPa)(2.2172 — 0.001037) m*/kg] —_—— | = 166.2 kJ/kg 
i 1 kPa -m 


The heat transfer is determined from the energy balance: 


dout = pin — (Uy — Uy) =166.2 KJ/kg — (384.36 — 2496. I)kJ/kg = 2278 kJ/kg 


The exergy change between initial and final states is 


T, 
i — by =u; =u, + R (v =v) — Ty (5; — 59) tl 2) 
R 


= (2496.1 — 384.36)kJ/kg + (100 kPa)(2.2172 — 0.001037) m'fe{ — 
1kPa-m 

298K 

— (298 K)(7.4558 — 1.2132)kJ/kg - K — (2278 kJ/kg)| 1 — a 


= 384.9 kJ/kg 


The second law efficiency is then 


Won’ 166 2KIke o ip aAa 
Aø 384.9 kJ/kg 


1 
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8-89 


8-99 R-134a is vaporized in a closed system at a constant pressure from a saturated liquid to a saturated vapor by 
transferring heat from a reservoir at two pressures. The pressure that is more effective from a second-law point of view is to 
be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 


Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The energy balance for 
this stationary closed system can be expressed as 


E 


ae Eout = AE system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin -Wr ou = AU =m(u, -u;) R-134a q 
100 kPa 
Qin =Wb,ou +AU sat. liquid 
Qin = AH = m(hy - h) 
At 100 kPa: 
From the R-134a tables (Table A-12), T 
U fz @100kPa = 197.98 kJ/kg 
A yz @100kPa = 217.16 kJ/kg i] 100 kPa X2 
S f2 @100 kPa = 0.87995 kJ/kg ii K 
The boundary work during this process is 
3 1kJ 
Wh out = P(¥2 —¥;) = Puy, = (100 kPa)(0.19181) m°/kg l= 19.18 kJ/kg 
i 1 kPa -m 


The useful work is determined from 
Wy = Wb out ~ Wsur = P(V2 — 41) — Po (V2 — v1) = 0 kJ/kg 
since P = Po = 100 kPa. The heat transfer from the energy balance is 
Jin =A g =217.16 kJ/kg 


The exergy change between initial and final states is 


T, 
~, -p =u; -u +P (Vi -v2)-To (s1 =) +40 1-2 
R 


To 
= U g -PW g +TOS f + in ae 
R 


= —197.98 kJ/kg — (100 kPa)(0.19181 mika) + (298 K)(0.87995 kJ/kg - K) 
1kPa-m 
+ (217.16 kJ/kg) es 
273K 
= 25.18 kJ/kg 
The second law efficiency is then 
W, 0 kJ/kg 
M1 = =0 


Ag 25.18kI/kg 
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At 200 kPa: 
U fe @200kPa = 186.21 kJ/kg 
hw @200KPa = 206.03 kJ/kg 
S fz@200kPa = 9.78316 kJ/kg: K 
V @@200kPa = Vg -Vs = 0.099867 — 0.0007533 = 0.099114 m*/kg 


1kJ 
——_ |= 19.82 kJ/kg 
1kP | 


a:m 


Wp out = P(V3 -v1) = PY p = (200 kPa)(0.099114) ma 


Wy = Wop, out — Weurr = P(v, -v)- P (v2 =v) 


= (P— P} )V j = (200—100) kPa (0.099114) mnd) = 9.911 kJ/kg 
1 


Pa-m 


T, 
i -9 =u; -u3 +P (vi -v2)- To (s1 -$2)+4ol 1-2 | 
R 


To 
=U g -PoV g +18 g taij l-7 
Tr 


= —186.21 kJ/kg — (100 kPa)(0.099114 mro) + (298 K)(0.78316 kJ/kg - K) 
1kPa-m 


298K 
+ (206.03 kJ/kg) 1-228 
273K 
= 18.39 kJ/kg 
g zt SOUKE _ 9.539 


Ag 18.39 kJ/kg 


The process at 200 kPa is more effective from a work production standpoint. 
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8-90 


8-91 
8-100 An electrical radiator is placed in a room and it is turned on for a period of time. The time period for which the heater 
was on, the exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant specific heats. 3 The 
room is well-sealed. 4 Standard atmospheric pressure of 101.3 kPa is assumed. 


Properties The properties of air at room temperature are R = 0.287 kPa.m*/kg.K, Cp = 1.005 kJ/kg.K, cy= 0.718 kJ/kg.K 
(Table A-2). The properties of oil are given to be p = 950 kg/m’, coii = 2.2 kI/kg.K. 


Analysis (a) The masses of air and oil are 
RV (101.3 kPa)(75 m°) 
RT, (0.287 kPa - m*/kg - K)(6 + 273 K) 


= 94.88 kg gç Room 


a 


Moi = PaVa = (950 kg/m? )(0.050 m°) =47.50 kg Radiator 


An energy balance on the system can be used to determine time period 
for which the heater was kept on 


Wia — Ogu At =[me, (T, -T,)]q + [me(T, -Tha 
(2.4 — 0.75 kW)At = [(94.88 kg)(0.718 kJ/kg.°C)(20 — 6)°C]+ [(47.50 kg)(2.2 kI/kg.°C)(60 - 6)°C] 
At = 3988 s = 66.6 min 
(b) The pressure of the air at the final state is 
_m,RT,, _ (94.88 kg)(0.287 kPa - m°/kg - K)(20 + 273 K) 
Ov 2 
The amount of heat transfer to the surroundings is 


Ou = Ôu At = (0.75 kI/s)(39888) = 2999 KJ 


Po =106.4 kPa 


The entropy generation is the sum of the entropy changes of air, oil, and the surroundings 


T P 
AS, =m|c, In — Rn — 
Ti l 


= (94.88 kg)| (1.005 KJ/kg.K)In 2* TIE _ (0.287 kJ/kg.K)in COSA 
(6+273)K 101.3kPa 
= 3.335kJ/K 
T, K 
aemm eeu oaie o O A E ATR 
T (6+273)K 
AS sure = our __ 2999 10,75 K/K 
Teur (04273) K 
Sgen = AS, + AS gi) + AS gure = 3-335 + 18.49 + 10.75 = 32.57 KJ/K 


The exergy destruction is determined from 
X dest = ToS gen = (6 + 273 K)(32.57 kJ/K) = 9088 kJ = 9.09 MJ 


gen 
(c) The second-law efficiency may be defined in this case as the ratio of the exergy recovered to the exergy input. That is, 
Xa? = ne, (T, -T,)|-T)AS, 
= (94.88 kg)[(0.718 kJ/kg.°C)(20 — 6)°C] — (6 + 273 K)(3.335 kJ/K) = 23.16 kJ 
X oi = m{C(T, = T,)] -TAS, 
= (47.50 kg)[(2.2 kJ/kg.°C)(60 — 6)°C] — (6 + 273 K)(18.49 kJ/K) = 484.5 kJ 


X recovered _ La2+Xoi2 _ (23.16 + 484.5) kJ 


; = 0.0529 =5.3% 
W, At (2.4 KJ/s)(39985) 


i = Y 
supplied 
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8-92 


8-101 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat 
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second-law efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are 
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible. 


Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases 
(650 K) is c, = 1.063 kJ/kg.K (Table A-2). 


Analysis (a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The 
properties of water are (Table A-4) 


A= a h, =83.91 kJ/kg Exh. gas 
400°C 
=0 = 0.29649 kJ/kg.K 350°C 
iy, i i 150 kPa Hei 
P= a h, = 2792.0 kJ/kg ae 
ea s4 = 6.4302 kI/kg.K Sai-vap. Water 
200°C 20°C 


An energy balance on the heat exchanger gives 
mh +m, h, = mh, +m h4 
MgC p(T, — Ty) = my, (hg — hy) 
(0.8 kg/s)(1.063 kJ/kg°C)(400 — 350)°C = m,,(2792.0 — 83.91)kI/kg 
m,, = 0.01570 kg/s 


(b) The specific exergy changes of each stream as it flows in the heat exchanger is 


T. 273)K 
As, =c, In~2 = (0.8 kg/s)(1.063 kJ/kg.K)in 220+ 279) ¥ _ 0.08206 kJ/kg.K 
T, (400 + 273) K 
Ay, T c,h -T) -ThAs, 
= (1.063 kI/kg.°C)(350 - 400)°C — (20 + 273 K)(-0.08206 kJ/kg.K) 
= —29.106 kJ/kg 


AW = Ng — hy —Th(54—53) 
= (2792.0 — 83.91) kJ/kg — (20 + 273 K)(6.4302 — 0.29649) kJ/kg. K 
= 910.913 kJ/kg 


The exergy destruction is determined from an exergy balance on the heat exchanger to be 


— Š jest = M, AY, +, AY, = (0.8 kg/s)(-29.106 kJ/kg) + (0.01570 kg/s)(910.913) kJ/kg = -8.98 kW 
or 


X dest = 8.98 kW 


(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the 
exergy decrease of the hot fluid. That is, 


rin, Ay, _ (0.01570 kg/s)(910.913 kJ/kg) _ 


my =— = 0.614 
=M, AW, — (0.8 kg/s)(-29.106 kJ/kg) 
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8-93 


8-102 The inner and outer surfaces of a window glass are maintained at specified temperatures. The amount of heat loss and 
the amount of exergy destruction in 5 h are to be determined 


Assumptions Steady operating conditions exist since the surface temperatures of the glass remain constant at the specified 
values. 


Analysis We take the glass to be the system, which is a closed system. The amount of heat loss is determined from 


Q = OAt = (4.4 kJ/s)(5x 3600 s) = 79,200 kJ 


~ Glass 
Under steady conditions, the rate form of the entropy balance for the glass 
simplifies to 
5 : : i £0 
Sin E Sout + Sgen E AS system =0 
—_-Y ‘ 4 X meer 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
Qin Qout 5 = 
t+ Sen gtass = 9 10°C — 3°C 
b,in b,out 


4400 W 4400 W 
+ Sige wall 
283 K 276 K i 


=0 > S = 0.3943 W/K 


gen, glass 


Then the amount of entropy generation over a period of 5 h becomes 


S =§ At = (0.3943 W/K)(5x 3600 s) = 7098 J/K 


gen,glass gen,glass 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = ToS gen > 


X destroyed = To Sen = (278 K)(7.098 kJ/K) = 1973 kJ 


Discussion The total entropy generated during this process can be determined by applying the entropy balance on an 
extended system that includes the glass and its immediate surroundings on both sides so that the boundary temperature of 
the extended system is the room temperature on one side and the environment temperature on the other side at all times. 
Using this value of entropy generation will give the total exergy destroyed during the process, including the temperature 
gradient zones on both sides of the window. 
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8-94 


8-103 Heat is transferred steadily to boiling water in the pan through its bottom. The inner and outer surface temperatures 
of the bottom of the pan are given. The rate of exergy destruction within the bottom plate is to be determined. 
Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at the specified 
values. 

Analysis We take the bottom of the pan to be the system, which is a closed system. Under steady conditions, the rate form 
of the entropy balance for this system can be expressed as 


: A ‘ ; #0 
Sin = Sout + Sgen = AS system =0 


— —“ (3 e i 
Rate of net entropy transfer Rate of entropy Rate of change 


by heat and mass generation of entròpy 
On Dow, § =0 104°C 
T, in Toit gen,system 
1100W 1100W =. 
378 K z 377K + gen,system = 1100 W 
105°C 
S gen,system = 0.007719 W/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = ToS'gen > 


X destroyed = ToS gen = (298 K)(0.007719 W/K) = 2.30 W 


8-104 Elevation, base area, and the depth of a crater lake are given. The maximum amount of electricity that can be 
generated by a hydroelectric power plant is to be determined. 


Assumptions The evaporation of water from the lake is negligible. 
Analysis The exergy or work potential of the water is the potential energy it possesses relative to the ground level, 


Exergy = PE = mgh 


Therefore, 


Exergy = PE = [are = [ seam = f (edz) 


= pAg| í zdz = pAg(z3 -z?)/2 


1 


= 3 4 2 2 
= 0.5(1000 kg/m” )(2 x 10° m*)(9.81 m/s*) 140 m 2 
lh 1kJ/kg 
x 152m)? -040m | | ) 
( J = ) 3600 s J 1000 m? /s? 
S A 
=9.55 x10 kWh 
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8-95 


8-105 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise the water 
temperature to a specified temperature, the minimum work input, and the exergy destroyed during this process are to be 
determined. 


Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in the container 
itself and the heater is negligible. 3 Heat loss from the container is negligible. 4 The environment temperature is given to 
be Ty = 20°C. 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C (Table A-3). 
Analysis Taking the water in the container as the system, which is a closed system, the energy balance can be expressed as 


Big -E out = AE 


system 
SS SS 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Wain = (AU) water 


W sin At= mc(T, = T, Jaiei 


Substituting, 
(800 J/s)At = (40 kg)(4180 J/kg-°C)(80 - 20)°C 


Solving for At gives 
At = 12,540 s = 209 min = 3.48 h 


Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of this system and 
the energy and entropy contents of the heater are negligible, the entropy balance for it can be expressed as 
Sin = Sout pa Den = AS 
= 


—— ee — 
Net entropy transfer Entropy Change 
byheatand mass generation in entropy 


0 + Sgen = AS water 


system 


Therefore, the entropy generated during this process is 


T 353 K 
= me In — = (40 kg (4.18 kJ/kg - K )In 
meny (40 kek eK) 293 K 


1 


Soen = AS 


gen water 


=31.15 kJ/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (293 K)(31.15 KJ/K) = 9127 kJ 


The actual work input for this process is 


=W, 


act,in 


W, 


act,in 


At = (0.8 KJ/s)(12,540 s) = 10,032 kJ 


Then the reversible (or minimum required )work input becomes 


W ev;in = W actin S X destroyed =10,032-9127 = 906 kJ 
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8-96 
8-106 A hot water pipe at a specified temperature is losing heat to the surrounding air at a specified rate. The rate at which 
the work potential is wasted during this process is to be determined. 
Assumptions Steady operating conditions exist. 


Analysis We take the air in the vicinity of the pipe (excluding the pipe) as our system, which is a closed system.. The 
system extends from the outer surface of the pipe to a distance at which the temperature drops to the surroundings 
temperature. In steady operation, the rate form of the entropy balance for this system can be expressed as 


. . . . 0 = o 
Sin T S out + S gen z AS system =0 80°C 
KH_— — 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
Qin Qout fu S =0 
gen,system — L=10m 
T, b,in T, b,out 
x O, 
1175W 1175W , ; E 


353 K 278 K + gen,system = 0 > S cen ander = 0.8980 W/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (278 K) (0.8980 W/K) = 250 W 
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8-97 


8-107 Air expands in an adiabatic turbine from a specified state to another specified state. The second-law efficiency is to 
be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The device is adiabatic and thus heat 
transfer is negligible. 3 Air is an ideal gas with constant specific heats. 4 Kinetic and potential energy changes are 
negligible. 

Properties At the average temperature of (425 + 325)/2 = 375 K, the constant pressure specific heat of air is c, = 1.011 
kJ/kg.K (Table A-2b). The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 


Analysis There is only one inlet and one exit, and thus m, = m, = m . We take the turbine as the system, which is a control 


volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the rate form 
as 


Ein Fas E out a AÈ gee eem) =0 
bE I) — mm 
Petrof net energy iinsfer Rate of change in internal, kinetic, 550 kPa 
y heat, work, anı ve potential, etc. energies 425 K 
Ein = E out { 
tah = Wu + mh, 
: Air 3 
Wou = mh, — hy) 
Wot =e, (71-7) ) 
Substituting, 110 kPa 
Wout = €, (T, - T3) = (1.011 kJ/kg- K)(425-325)K = 101.1 kJ/kg 325K 
The entropy change of air is 
T. P. 
S2789; =c, In 2 Rin 
1 1 
= 011 uke K) in (0287 ke Km 
425K 550 kPa 


= 0.1907 kI/kg-K 


The maximum (reversible) work is the exergy difference between the inlet and exit states 
revout = Cp (Tj T3) To (sı s2) 

= Wout -To (s1 =s3) 

=101.1 kJ/kg — (298 K)(—0.1907 kJ/kg - K) 

= 157.9 kJ/kg 


w 


The second law efficiency is then 


y, -Yor _1OL1KIKE _ 9 gag 
w 157.9 kJ/kg 


rev,out 
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8-98 


8-108 Steam is accelerated in a nozzle. The actual and maximum outlet velocities are to be determined. 
Assumptions 1 The nozzle operates steadily. 2 The changes in potential energies are negligible. 
Properties The properties of steam at the inlet and the exit of the nozzle are (Tables A-4 through A-6) 


P, =300 kPa } h, = 2761.2 kJ/kg 
T, =150°C Í s, =7.0792 kJ/kg -K 


P, =150 kPa i = 2693.1 kJ/kg 


x, =1 (sat. vapor) | s) =7.2231 kJ/kg: K 


Analysis We take the nozzle to be the system, which is a control volume. The energy balance for this steady-flow system 
can be expressed in the rate form as 


: 3 = 0 (steady) _ 

Ein a Loa = AE system =0 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 

Ein =; E out 500 kPa 
rin(h, +VÈ 12) = mh, +V2/2) 200°C MO ee 
1 1 F 2 2 at. vapor 
pe gomg PR 
T 
= hy -h, = Ake actual 
Substituting, 


Ake actual = %4 — Ay =2761.2 — 2693.1 = 68.1 kJ/kg 


The actual velocity at the exit is then 


22 
V, = {V2 + 2AKe gona =. (45 mm/s)? + 2(68.1 ki/kg)| 100S | -371.8 mis 
kJ/kg 


The maximum kinetic energy change is determined from 


Ake max = My — hy — Ty (8, — s3) = 68.1 — (298)(7.0792 — 7.2231) = 111.0 kJ/kg 


The maximum velocity at the exit is then 


Vima VE = Ake 
2 max 
Deed: 
Va max = (VÈ + 2AKE pax = (45 m/s)? + 2011.0 kJ/kg OE 
1 kJ/kg 
= 473.3 m/s 
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8-99 


8-109E Steam is expanded in a two-stage turbine. Six percent of the inlet steam is bled for feedwater heating. The 
isentropic efficiencies for the two stages of the turbine are given. The second-law efficiency of the turbine is to be 
determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 


Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume since mass crosses 
the boundary. The energy balance for this steady-flow system can be expressed in the rate form as 


: x = x 70 (steady) Pa 
E,, — Esi = AE system =0 500 psia 
— —’ 
Rate of net energy transfer Rate of change in internal, kinetic, 600°F 
by heat, work, and mass potential, etc. energies 
E in Z E out 


myhy = mh, + tizh +W ou 
Wou = mh —myh, —m,h, 100 psia 


Wout = h —0.06h, —0.94h, 
Wout = (hı — A2) +0.94(h, —h;) 


5 psia 


The isentropic and actual enthalpies at three states are 
determined using steam tables as follows: 


P, =500psia | h, =1298.6 Btu/lbm 
T, =600°F sı =1.5590 Btu/lbm:R 


P, =100 psia X2, = 0.9609 

Sa; = S1 =1.5590 Btu/lbm-R hy, =1152.7 Btu/lbm 
h -M 

Nri = oh > hy =h; -nr (h — Ag, ) = 1298.6 — (0.97) 298.6 — 1152.7) = 1157.1 kJ/kg 
1 25. 

P, =100 psia x, = 0.9658 

h, =1157.1 Btu/lbm | s, =1.5646 Btu/lbm-R 

P, = 5 psia X3, =0.8265 

S3 =S, =1.5646kJ/kg-K | hy, = 957.09 Btu/lbm 
h -h 

Nr 2 = E > h = h -nr 2(ħ — My) =1157.1- (0.95)(1157.1-957.09) = 967.09 kJ/kg 
27 "3s 

P, = 5 psia x3 = 0.8364 

h, = 967.09 Btu/lbm | s} =1.5807 Btu/Ibm-R 


Substituting into the energy balance per unit mass flow at the inlet of the turbine, we obtain 
Wout = (A — h) +0.94(h, —h3) 
= (1298.6 — 1157.1) + 0.94(1 157.1- 967.09) = 320.1 Btu/lbm 
The reversible work output per unit mass flow at the turbine inlet is 
Wrey = —hy -To (s1 s3) +0.94[7, =h; -To (s3 -s;)] 
= 1298.6 —-1157.1—(537)(1.5590 — 1.5646) + 0.94] (1 157.1— 967.09 — (537)(1.5646 —1 5807)| 
= 331.2 Btu/lbm 


The second law efficiency is then 


Wout _ 320.1 Btu/Ibm _ 
Wee 331.2 Btu/Ibm 


966 


1u = 


rev 
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8-100 


8-110 A throttle valve is placed in the steam line supplying the turbine inlet in order to control an isentropic steam turbine. 
The second-law efficiency of this system when the valve is partially open to when it is fully open is to be compared. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-insulated, and there is 
no heat transfer from the turbine. 


Analysis 
Valve is fully open: 
The properties of steam at various states are 


P, =100kPa | ho =h; @sec = 104.8kI/kg 
T, = 25°C So Z $ pq@osec = 0.3672 kJ/kg- K 


P, =P, =6MPa ) h =h, =3894.3 kJ/kg 
T, =T, =700°C Í s; =s, =7.4247 kJ/kg -K 


P, = 70 kPa | x, = 0.9914 


s3 =5y hy = 2639.7 kJ/kg 


The stream exergy at the turbine inlet is 


Wy = h — ho -To (5, —59) = 3894.3 — 104.8 — (298)(7.4247 — 0.3672) = 1686 kJ/kg 


The second law efficiency of the entire system is then 


n — Wout _ h —h, _h -h -1.0 
(er. a A o Se =l. 
w h -h -To (s1 =583) h- 


rev 
since sı = s3 for this system. 
Valve is partly open: 


P, =3 MPa 


Sy = 7.7405 kJ/kg -K (from EES) 
h, = h, =3894.3 kJ/kg 


P, =70kPa 


| h, = 2760.8 kJ/kg (from EES) 
S30 Bo 


Wo =h, —hy —To(8> — so) = 3894.3 — 104.8 — (298)(7.7405 — 0.3672) = 1592 kJIkg 


7 hy —hy E 3894.3 — 2760.8 es 
Wrey Ry Ay -To (87-83)  3894.3-2760.8 —(298)(7.7405—7.7405) ` 
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8-111 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened and steam flows 
from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses heat to the surroundings. The 
final temperature in each tank and the work potential wasted during this process are to be determined. 


Assumptions 1 Tank A is insulated and thus heat transfer is negligible. 2 The water that remains in tank A undergoes a 
reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible. 4 The system is stationary 
and thus kinetic and potential energy changes are negligible. 5 There are no work interactions. 


Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus sz = sı. From the steam tables (Tables 
A-4 through A-6), 


Tank A: 
P = 400 kPa) “14 = UF + ¥1Y = 0-001084 + (0.8 0.46242 — 0.001084) = 0.37015 m*/kg 
fi Sn U 4 =U p +My = 604.22 + (0.81948.9)= 2163.3 kJ/kg 

1 re . 


S14 =S f +XS f = 1.7765 + (0.8X5.1191)= 5.8717 kJ/kg- K 


Tyg =T, 


Si 


at@300kPa = 133.52°C 

P, =300kPa| y= S247Sf — 5.8717-1.6717 

el Sf 5.3200 

(sat. mixture) J v, , =v, +29 4V g = 0.001073 + (0.7895\(0.60582— 0.001073) = 0.47850 m3/kg 
Uy, 4 =Up +X, 4U g =561.11+(0.7895)1982.1 kJ/kg)= 2125.9 kJ/kg 


= 0.7895 


TankB: 
= 1.1989 m7/k 
P, =200 kPa ) oe 900 kJ 
Uy g =2731 4 kJ/kg 
T, = 250°C ; 
Sig = 7.7100 kJ/kg -K a 
The initial and the final masses in tank A are ; ó m=3 kg 
3 steam 
V 0.2 = =75:0 
m 4 =< ==" — = 0.5403 kg sa, T= 250°C 
“WV 4 0.37015 m°/kg x=0.8 P=200 kPa 
and 
v 0.2m? 
m, 4=—4 m= 0.4180 kg 


4 vsa 0.479m3/ke 

Thus, 0.540 - 0.418 = 0.122 kg of mass flows into tank B. Then, 
M, g =M; g — 0.122 = 3+ 0.122 = 3.122 kg 

The final specific volume of steam in tank B is determined from 


© Ve (mvp _ G kg)i.1989 m3/kg) 


5 =1.152 m?/kg 
M7 g M7 g 3.122 m 


We take the entire contents of both tanks as the system, which is a closed system. The energy balance for this stationary 
closed system can be expressed as 


Ein =E it = AE 


system 
YH SY 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-Q =AU =(AU),+(AU), (since W = KE = PE = 0) 
-Qot = (mu, =mi]; Ja + (mu, ~My Uy ie 
Substituting, 


-900 = {(0.418\2125.9)— (0.5403\(2163.3)} + {(3.122)u> » — (3)(2731.4)} 
Wy g = 2425.9 kJ/kg 
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Thus, 


V, g =1.152 m*/kg T, g =110.1°C 
Uz g =2425.9 kJ/kg | $2,8 = 6.9772 kJ/kg: K 
(b) The total entropy generation during this process is determined by applying the entropy balance on an extended system 


that includes both tanks and their immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 


S in S out + S gen 7 AS system 
—— —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
_ Qout 


+ Syen =AS, + ASQ 


b,surr 


Rearranging and substituting, the total entropy generated during this process is determined to be 
= Qout =! out 
Sgen = AS 4 + AS g += = (ms, -misi ) 4 + (259 — 5, )g + 
b,surr b,surr 


= {(0.418)(5.8717)—(0.5403\5.8717)} + (3.122)(6.9772)-(3\7.7100)}+ E 


=1.234kJ/K 


The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 


balance or directly from its definition X destroyed = ToS gen > 


X destroyed = ToS gen = (273 K)(1.234 KJ/K) = 337kI 
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8-112E A cylinder initially filled with helium gas at a specified state is compressed polytropically to a specified 
temperature and pressure. The actual work consumed and the minimum useful work input needed are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and 
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression 
or expansion process is quasi-equilibrium. 5 The environment temperature is 70°F. 


Properties The gas constant of helium is R = 2.6805 psia.ft’/Ibm.R = 0.4961 Btu/Ibm.R (Table A-1E). The specific heats of 
helium are cy= 0.753 and c, = 1.25 Btu/lbm.R (Table A-2E). 


Analysis (a) Helium at specified conditions can be treated as an ideal gas. The mass of helium is 


math (40 psia)(8 ft?) 


: = 0.2252 Ibm 
RT, (2.6805 psia - ft” /Ibm- R)(530 R) 


The exponent n and the boundary work for this polytropic process are 


determined to be y KUA 
T, P i PV"= t 
PV PV, uea iya (780 R)(40 BS) (8 ft?) =3.364 ft? cons 
T, T, T, P, (530 R)(140 psia) 


P. uy i 
PV = BY," >} |=| 2 12) 2 ) >n=1.446 
P, V, 40) (3.364 


Then the boundary work for this polytropic process can be determined from 


Wain safya 2B ne mE) 
| l-n l-n 
(0.2252 Ibm\(0.4961 Btu/Ibm - R (780 —530)R _ Bison 
1- 1.446 
Also, 
1 Btu 
Waren = -P V, — V) = —(14.7 psia)(3.364 — 8)ft*| —————_ | = 12.61 Btu 
| B | 5.4039 psia 5 ft? 
Thus, 
Wain = Wein W iiin = 62.62 -12.61 = 50.0 Btu 


(b) We take the helium in the cylinder as the system, which is a closed system. Taking the direction of heat transfer to be 
from the cylinder, the energy balance for this stationary closed system can be expressed as 


E in E out `; AE system 
ej —— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


—Qou + Min =AU = muy -u) 
Qout 4 muy uy) Wo in 
Qout = Wo in mMc, T -T,) 


Substituting, 
Qut = 62.62 Btu — (0.2252 Ibm {0.753 Btu/lbm - R (780 — 530)R = 20.69 Btu 


The total entropy generation during this process is determined by applying the entropy balance on an extended system that 
includes the cylinder and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. It gives 


Sin =S out + S sen = AS 


system 
— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qout = 
= i S gen = AS sys 
b,surr 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-104 
where the entropy change of helium is 


T. P 
AS sys i AS helium = neras In T — Rin 2) 
1. 


= (0.2252 ba (1.25 baib n e E _ (9.4961 Btubm- Ri S 
530 R 40 psia 

= —0.03201 Btu/R 
Rearranging and substituting, the total entropy generated during this process is determined to be 


20.69 Bt 
Sen = ASretium + Pow _ (9.03201 Btw/R) + 2262 BY _ 0,007022 Btu/R 
T 530 R 


The work potential wasted is equivalent to the exergy destroyed during a process, which can be determined from an exergy 


balance or directly from its definition X destroyed = ToS gen > 


X destroyed = ToS gen = (530 R)(0.007022 Btu/R) = 3.722 Btu 
The minimum work with which this process could be accomplished is the reversible work input, Wrey, in which can be 
determined directly from 


W, 


rev,in 


= Win = X destroyed = 50.0 — 3.722 = 46.3 Btu 


Discussion The reversible work input, which represents the minimum work input Wye, in in this case can be determined from 
the exergy balance by setting the exergy destruction term equal to zero, 


70 (reversibk) _ = 
Xin p X out z X destroyed = AX system => Wievin z Xa T x 
— —— 
Net exergy trasfer Exergy Change 


by heat, work,and mass destructim in exergy 
Substituting the closed system exergy relation, the reversible work input during this process is determined to be 
Wev =(Uz -U1) -To (S2 =- $1) + AU -V) 
= (0.2252 Ibm) (0.753 Btu/lbm - R)(320 — 70)°F — (530 R)(—0.03201 Btu/R) 
+ (14.7 psia)(3.364 — 8)ft?[Btu/5.4039 psia - ft*] 
= 46.7 Btu 


The slight difference is due to round-off error. 
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8-113 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some steam is extracted 
at the end of the first stage. The wasted power potential is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The turbine is adiabatic and thus heat transfer is negligible. 4 The environment temperature is given to be Tọ = 
25°C. 


Analysis The wasted power potential is equivalent to the rate of exergy destruction during a process, which can be 
determined from an exergy balance or directly from its definition X destroyed = ToS gen - 

The total rate of entropy generation during this process is determined by taking the entire turbine, which is a 
control volume, as the system and applying the entropy balance. Noting that this is a steady-flow process and there is no 
heat transfer, 


: . ‘ ge oO 
Sin E Sout + S gen z AS system =0 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS; M2823 — M3583 FS gen =0 


hs —0. 1s, — 0.971183 + S yon =O Spon =m [0.983 + 0.18, —5,] 


and X destroyed = ToS gen = Tom [0.953 F 0.155 = sı] 


9 MPa 
From the steam tables (Tables A-4 through 6) 500°C 
P =9MPa | A =3387.4kJ/ kg il 
T, =500°C J s; = 6.6603 kJ/kg- K 
STEAM a, 
P, =14MPa 15 kg/s 
hy, =2882.4kJ/kg \ 
S25 =S] 
1.4 MPa 
and, 50 kPa 
90% 
h -h o 
Mr = hy =h ar (h — has) Hi 
Kongs = 3387.4 — 0.88(3387.4 — 2882.4) 
= 2943.0 kJ/kg 
P, =1.4 MPa 


Sa =6.7776 kJ/kg: K 
h, = 2943.0 kJ/kg 


P, =50 kPa | x,, =—* — = 0.8565 


S fe 6.5019 


| S35 —S¢ _ 6.6603 —1.0912 


535 = 5] hy, =p + X35h yy =340.54 + 0.8565 x 2304.7 = 2314.6 KJ/kg 
h -h 
and are 7 > hz = h -Nr (hy — hz) 
Paas = 3387.4 — 0.88(3387.4 — 2314.6) 
= 2443.3 kJ/kg 
P, =50 kPa oe = 0.9124 


hg 2304.7 


| h3—hy _ 2443.3 — 340.54 
S3 =S f + X3S g =1.0912 + 0.9124 x 6.5019 = 7.0235 kJ/kg - K 


h, = 2443.3 kJ/kg 


Substituting, the wasted work potential is determined to be 


X destroyed = ToS gen = (298 K)(15 kg/s)(0.9 x 7.0235 + 0.1x 6.7776 — 6.6603)kJ/kg = 1514 kW 
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8-114 Steam expands in a two-stage adiabatic turbine from a specified state to another specified state. Steam is reheated 
between the stages. For a given power output, the reversible power output and the rate of exergy destruction are to be 
determined. 

Assumptions 1 This is a steady-flow process since there is no change Heat 

with time. 2 Kinetic and potential energy changes are negligible. 3 The 
turbine is adiabatic and thus heat transfer is negligible. 4 The 

environment temperature is given to be Tọ = 25°C. 2 MPa 


Properties From the steam tables (Tables A-4 through 6) 350°C 
P =8 MPa | h, =3399.5 kJ / kg 
T, =500°C Í s| =6.7266 kJ/kg: K 3 5 MW 
P, =2 MPa } h, =3137.7kI/kg 
T, =350°C Í s, =6.9583 KJ /kg -K 
P, =2 MPa | h; =3468.3kJ / kg 8 MPa VRTA 
T, =500°C | s, =7.4337 kJ/kg- K 200E ER 


P, =30kPa | h4 =h; + x4h p = 289.27 + 0.97 x 2335.3 = 2554.5 kJ/kg 
x4 =0.97 S4 =S f +X4S g = 0.9441 + 0.97 x 6.8234 = 7.5628 kJ/kg - K 
Analysis We take the entire turbine, excluding the reheat section, as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 
È. -È : _ AE 70 (steady) =0 


IE EE EA 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Ein SEs 


system 


mh, + mh, = mh, + mh, +W out 
Won = ilh — hy) + (hs -h4 )] 
Substituting, the mass flow rate of the steam is determined from the steady-flow energy equation applied to the actual 
process, 
Wout 7 5000 kJ/s 
hy —h, +h,-hy (3399.5 —-3137.7+ 3468.3 — 2554.5)kJ/kg 


The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine 
and setting the exergy destruction term equal to zero, 


= 4.253 kg/s 


m= 


s s 7 70 (reversibk) _ yy 70 (steady) _ 
Xin ce Xout Ti X destroyed F AX system =0 
te 
Rateof net exergy trasfer Rateof exergy Rateof change 
by heat, work,and mass destructim of exergy 
xX in 7 X out 


my +MY =m +W + Wie out 


Wrevout = mY, ~ Wr) T mY F wa) 


= [h — hy) + Ty(Sp = 51) - Ake” - Ape] 
+ [h — hy) +T (s4 — 83) —Ake™ — Ape™”] 
Then the reversible power becomes 
W, 


rev,out 


= r| —hy +h; -h4 +To (S3 -51 +54 -53)] 
= (4.253 kg/s)[(3399.5 — 3137.7 + 3468.3 — 2554.5)kJ/kg 
+(298 K)(6.9583 — 6.7266 + 7.5628 — 7.4337)kJ/kg - K] 
= 5457 kW 
Then the rate of exergy destruction is determined from its definition, 

X destroyed =Werevour — Wout = 5457 — 5000 = 457 kW 
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8-115 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be 
determined for the cases of piston being fixed and moving freely. 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself is 
negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 


Properties The gas constants and the specific heats are R = 0.2968 kPa.m’/kg.K, cp= 1.039 kJ/kg-°C, and c, = 0.743 
kJ/kg:°C for N», and R = 2.0769 kPa.m’/kg.K, Cp = 5.1926 kJ/kg-°C, and cy = 3.1156 kJ/kg°C for He (Tables A-1 and A- 
2). 


Analysis The mass of each gas in the cylinder is 


PY, : 
my, -( 54. = a KPa m ) =4.772 kg 
i Jy, (0.2968 kPa -m°/kg -K 353 K) soo iPS OLDA 
PV 3 80°C 25°C 
PRS (24) z (500 kP ali n = 0.8079 kg 
RT, Je (2.0769 kPa -m*/kg-K {298 K) 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


E in E out = AE system 
a) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0=AU = (AU)y, +(AU) i. 
0=[mce, (T3 -T,)]n, +[mey (T -T te 


Substituting, 
(4.772 kg)(0.743 kJ/kg- CT, -80)° C+ (0.8079 kg)3.1156 kiikg:° Clr, - 25) C= 0 


It gives 
T= 57.2°C 
where 7;is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 


S in S out + S gen 7 AS system 
— —— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


OES ei = ASN, + AS He 
But first we determine the final pressure in the cylinder: 


m m 4.772 kg 
Nota = Nn, Mw (2 (=) q 
N3 He 


— NeotaRyT _ (0.3724 kmol)8.314 kPa -m3/kmol-K)330.2 K) 


5 28072 9.3724 mol 
28 kg/kmol 4 kg/kmol 


P, ; =511.1kPa 
V otal 2m 
Then, 
T. P. 
ASy, = me, migm) 
Ti 1 N, 
11.1 kP 
= (4.772 kg) (1.039 kJ/kg -K )In cue (0.2968 kJ/kg: ine = —0.3628 kJ/K 
353 K 500 kPa 
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T. P. 
AS He = nle, In =P m2) 
T 1 /He 


330.2 K 


511.1 kP 
= (0.8079 kg) (5.1926 kJ/kg - K )In i 
298 K 


— (2.0769 kI/kg- K) In ——— = 0.3931 kJ/K 
500 kPa 


Sgen = AS, +AS ye = -0.3628 + 0.3931 = 0.0303 KJ/K 


The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 


balance or directly from its definition X destroyed = ToS'gen > 


X destroyed = ToS gen = (298 K)(0.0303 kJ/K) = 9.03 kJ 


If the piston were not free to move, we would still have T, = 330.2 K but the volume of each gas would remain constant in 
this case: 


1 1 


#0 
T. v. 2K 
ASy, = m| c, In =- Rin = (4.772 kg (0.743 kJ/kg -K )In PO ESGP 
: T, j 353K 
N, 
E E Rin ah a2 (0.8079 kg {3.1156 kJ/kg-K) In 3302 = 0.258 KI/K 
Bea ioe TE da Š 298K ` 
e 


Sgen = ASN, + AS ye = —0.2371+ 0.258 = 0.02089 kJ/K 


and 


X destroyed = ToS gen = (298 K) (0.02089 KJ/K) = 6.23 kJ 
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8-116 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the other side contains 
He gas at different states. The final equilibrium temperature in the cylinder and the wasted work potential are to be 
determined for the cases of piston being fixed and moving freely. y 


Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the container itself, 
except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible. 4 Initially, the piston 
is at the average temperature of the two gases. 


Properties The gas constants and the specific heats are R = 0.2968 kPa.m’/kg.K, cp = 1.039 kJ/kg:°C, and c, = 0.743 
kI/kg:°C for N», and R = 2.0769 kPa.m’/kg.K, cp = 5.1926 kJ/kg-°C, and cy= 3.1156 kJ/kg°C for He (Tables A-1 and A- 
2). The specific heat of copper piston is c = 0.386 kJ/kg-°C (Table A-3). 


Analysis The mass of each gas in the cylinder is 


3 N2 He 
my, = a z (500 Pa) m = 4.772 kg raid an 
Na (RT Jy, (0.2968 kPa-m3/kg-K]353 K) 500 kPa [M| 500 kPa 


80°C 25°C 


3 
Mie = E ) = (soo KPa}! m°) = 0.8079 kg 
RT, Jie (2.0769 kPa -m/kg-K {353 K) \ 
Copper 


Taking the entire contents of the cylinder as our system, the 1st law relation can be written as 


E in E out AE system 
a) 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


0 =AU =(AU)y, +(AU ye + (AU cy 
0=[me, (T, —T, ln, +lmey (Tz -T te +L e(T, -T cu 


where 
T, cu = (80 +25)/2 = 52.5°C 
Substituting, 
(4.772 kg)0.743 ki/kg-° C\T, — 80} C + (0.8079 kg)3.1156 kI/kg-” C\r, -25} € 
+(5.0 kg)(0.386 ki/kg.° C\r, -52.5)'C=0 
It gives 


T;= 56.0°C 
where T; is the final equilibrium temperature in the cylinder. 


The answer would be the same if the piston were not free to move since it would effect only pressure, and not the 
specific heats. 


(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-insulated and thus 
there is no heat transfer, the entropy balance for this closed system can be expressed as 


Sin ~ Sout + Sgen = AS system 
—— — 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


O+S en = ASN, + AS he + AS piston 


But first we determine the final pressure in the cylinder: 


4.772 k 0.8079 k 
Noal =n, +Nue =|] HS] = So 5 = 0.3724 kmol 
; M N, M Je 28kg/kmol 4 kg/kmol 
3 
p, Nua, _ (0.3724 kmol}8.314 kPa -m`mol-K)829K) _ 599 4 kpa 


3 
Vrotal 2m 
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Then, 


Tə P 
ASy, =ne, m-en) 
T, IN, 


329 K 509.4 kP 
= (4.772 kg) (1.039 kJ/kg -K Jin - (0.2968 kI/kg-K) In" | = -0.3749 KJ/K 
353 K 500 kPa 
T. P. 
AS ye = me, In—- Rin z] 
Ti P, He 
329 K 509.4 kP 
= (0.8079 kg) (5.1926 kJ/kg: K )In — (2.0769 kJ/kg :K)In 2E | = 0.3845 KJ/K 
500 kPa 
T. 29K 
ASi = me In z) = (5 kg\0.386 kJ/kg- K)In z= 0.021 KJ/K 
1 / piston 


Saon = ASN, +ASye +AS piston = -0.3749 + 0.3845 + 0.021 = 0.03047 KJ/K 
2 


The wasted work potential is equivalent to the exergy destroyed during a process, and it can be determined from an exergy 


balance or directly from its definition X destroyed = ToS gen > 


X destroyed = ToS gon = (298 K)(0.03047 KJ/K) = 9.08 kJ 


If the piston were not free to move, we would still have T) = 330.2 K but the volume of each gas would remain constant in 
this case: 


-= > = —0.2492 kJ/K 


ee 
AS\, mol ni2- Rin J = (4.772 kg (0.743 kJ/kg -K )In 
T, 


329 K 
AS. = neon A Rint a = (0.8079 kg\3.1156 kJ/kg-K)In ee = 0.2494 kI/K 


Sgen = ASN, E ~0.2492 + 0.2494 + 0.021 = 0.02104 KJ/K 


piston 
and 


X destroyed = ToS zen = (298 K)(0.02104KJ/K) = 6.27 kJ 
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8-117E Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a specified 
pressure. The isentropic and second-law efficiencies of the turbine are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with constant specific heats. 


Properties The specific heat ratio of argon is k = 1.667. The constant pressure specific heat of argon is c, = 0.1253 
Btu/lbm.R. The gas constant is R = 0.04971 Btu/Ibm.R (Table A-2E). 
Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the isentropic turbine as the system, which is 


a control volume since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the 
rate form as 


P P = ` 70 (steady) 
Ein = E out = AE system =0 1 
era 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 
mh =W; ou +mhy, (since Q = Ake = Ape = 0) 
W, out z mh, T hy, ) 


From the isentropic relations, 


(k-1)/ k TEE 
T, = r{ | = (1960 | ee 


=917.5R 


0.667 / 1.667 
1 200 psia 
Then the power output of the isentropic turbine becomes 


. lh 
W, out a __ 
: 42.41 Btu/min 


= rie (T, —T>, )= (40 lbm/min)(0.1253 Btu/Ibm - R)(1960 - ar7.s{ 


)=123.2 hp 


Then the isentropic efficiency of the turbine is determined from 


Waow  95hp 
W. 123.2 hp 


s,out 


Nr = =0.771=77.1% 


(b) Using the steady-flow energy balance relation W, out = mc r (T, -T, )above, the actual turbine exit temperature is 


determined to be 


W h 42.41 Btu/mi 
T, =T,-—™ =1500 = mM | = 696.1°F =1156.1R 
mc, (40 lbm/min)(0.1253 Btu/lbm - R) 1hp 

The entropy generation during this process can be determined from an entropy balance on the turbine, 

; : . : 20 

Sin T S out + S cen = AS system = 0 

Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, — MS, +S oe, =O 


Sgen =m(s3 — 51) 


where 
P 
S2751 =C; In =- R In = 
1 P 
= (0:1253 Bia/bm -R) in E _ (0.04971 Btb Rin 
1960R 200 psia 
= 0.02816 Btu/Ibm.R 
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The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X destroyed = ToS gen > 


X destroyed a ToS gen a mTy(s2 s1) 


= (40 lbm/min)(537 R)(0.02816 Btu/lbm - R) Sart! L. 
42.41 Btu/min 


=14.3 hp 
Then the reversible power and second-law efficiency become 


W scsi F. W aout + Xie seas =95 +14.3 =109.3 hp 


and 
W. 
nq =at OP _ 6.9% 
Wiesou  109.3hp 
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8-118 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio of the mass flow 
rates of the extracted steam and the feedwater are to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 Heat loss from the device to the surroundings is negligible and thus heat transfer from the hot fluid is equal to 
the heat transfer to the cold fluid. 


Properties The properties of steam and feedwater are (Tables A-4 through A-6) 


P,=1.6 MPa | h; =2919.9 kJ/kg @ 
1.6 MPa 
T, =250°C | sı =6.6753 kJ/kg -K Steam 3 
from 250°C 
P, =1.6 MPa hy =hf@1.6 Mpa = 858.44 kJ/kg turbine Feedwater 
a S2 =S f@1.6 MPa = 2-3435 kJ/kg -K < G) 
sat. liquid T, =201.4°C 4 MPa 
30°C 
P, =4MPa) h= h raoc =129.37 kJ/kg 
T; =30°C | 53 =5 aoc = 0.4355 kJ/kg -K @ 
P, =4MPa hy Z= h f@191.4°C =814.78 kJ/kg 
T, =T, — 10°C =191.4°C Sq = 5 f@191.4°C = 2.2446 kJ/kg -K ý 
Analysis (a) We take the heat exchanger as the system, which is a ©) 
control volume. The mass and energy balances for this steady-flow sat. liquid 


system can be expressed in the rate form as follows: 
Mass balance (for each fluid stream): 


2 ; es 70 (steady) _ eae SS gis tee cae 
Min —Mout = AM system 0> Min = Moy > M =M, =M 


s and m3 =m, =M iy 


Energy balance (for the heat exchanger): 


A 5 _ ; 70 (steady) = ne > 
Ein T Eou = AE;ystem =0 > Ein = Eout 
aa ee 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
mh, + mh, =m h, +m,h, (since Q =W = Ake = Ape = 0) 
Combining the two, tit, (hy —hy) = M fy (h, —hy) 


Dividing by m,, and substituting, 


m, _h,-h, (129.37 -814.78)kI/kg _ 
0.3325 
Me fig —hy (858.44 — 2919.9 kJ/kg 


(b) The entropy generation during this process per unit mass of feedwater can be determined from an entropy balance on 
the feedwater heater expressed in the rate form as 
; i : : 20 
Sin = Sout + Dige = AS system =0 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 
mısı —M7S>5 +353 = M454 ES eat =0 
ms (sı —S>) +M 4, (53 = 84) FS ses =0 


KY X 
Leen _ Ms (s, — s1 )+ (s4 —53)=(0.3325\2.3435 — 6.6753) + (2.2446 — 0.4355) = 0.3688 KJ/K - kg fw 


M jy Mf 


Noting that this process involves no actual work, the reversible work and exergy destruction become equivalent since 
X destroyed =W, W, >W, 


rev,out  ”” act,out rev,out — x destroyed: 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = 20S gen > 


X destroyed = ToS gen = (298 K)(0.3688 KJ/K - kgfw) = 109.9 kJ/kg feedwater 


gen 
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E65 
8-119 Problem 8-118 is reconsidered. The effect of the state of the steam at the inlet of the feedwater heater on the 
ratio of mass flow rates and the reversible power is to be investigated. 


Analysis Using EES, the problem is solved as follows: 


"Input Data" 

"Steam (let st=steam data):" 
Fluid$='Steam_IAPWS' 

T_st[1]=250 [C] 

{P_st[1]=1600 [kPa]} 

P_st[2] = P_st[1] 

x_st[2]=0 "saturated liquid, quality = 0%" 
T_st[2]=temperature(steam, P=P_st[2], x=x_st[2]) 


"Feedwater (let fw=feedwater data):" 

T_fw[1]=30 [C] 

P_fw[1]=4000 [kPa] 

P_fw[2]=P_fw[1] "assume no pressure drop for the feedwater" 
T_fw([2]=T_st[2]-10 


"Surroundings:" 

T_o = 25 [C] 

P_o = 100 [kPa] "Assumed value for the surrroundings pressure" 
"Conservation of mass:" 

"There is one entrance, one exit for both the steam and feedwater." 
"Steam: m_dot_st[1] = m_dot_st[2]" 

"Feedwater: m_dot_fw[1] = m_dot_fw([2]" 

"Let m_ratio = m_dot_st/m_dot_fw" 

"Conservation of Energy:" 

"We write the conservation of energy for steady-flow control volume 
having two entrances and two exits with the above assumptions. Since 
neither of the flow rates is know or can be found, write the conservation 
of energy per unit mass of the feedwater." 

E_in-E out =DELTAE_cv 

DELTAE_cv=0 "Steady-flow requirement" 

E_in = m_ratio*h_st[1] + h_fw[1] 

h_st[1]=enthalpy(Fluid$, T=T_st[1], P=P_st[1]) 
h_fw[1]=enthalpy(Fluid$, T=T_fw[1], P=P_fw([1]) 

E_out = m_ratio*h_st[2] + h_fw[2] 

h_fw[2]=enthalpy(Fluid$, T=T_fw([2], P=P_fw([2]) 
h_st[2]=enthalpy(Fluid$, x=x_st[2], P=P_st[2]) 


"The reversible work is given by Eq. 7-47, where the heat transfer is zero 
(the feedwater heater is adiabatic) and the Exergy destroyed is set equal 
to zero" 

W_rev = m_ratio*(Psi_st[1]-Psi_st[2]) +(Psi_fw[1]-Psi_fw[2]) 
Psi_st[1]=h_st[1]-h_st_o -(T_o + 273)*(s_st[1]-s_st_o) 
s_st[1]=entropy(Fluid$,T=T_st[1], P=P_st[1]) 

h_st_o=enthalpy(Fluid$, T=T_o, P=P_o) 

s_st_o=entropy(Fluid$, T=T_o, P=P_o) 

Psi_st[2]=h_st[2]-h_st_o -(T_o + 273)*(s_st[2]-s_st_o) 
s_st[2]=entropy(Fluid$,x=x_st[2], P=P_st[2]) 

Psi_fw[1]=h_fw[1]-h_fw_o -(T_o + 273)*(s_fw[1]-s_fw_o) 
h_fw_o=enthalpy(Fluid$, T=T_o, P=P_o) 
s_fw([1]=entropy(Fluid$,T=T_fw([1], P=P_fw([1]) 

s_fw_o=entropy(Fluid$, T=T_o, P=P_o) 

Psi_fw[2]=h_fw[2]-h_fw_o -(T_o + 273)*(s_fw[2]-s_fw_o) 
s_fw([2]=entropy(Fluid$,T=T_fw([2], P=P_fw([2]) 
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Pst1 Mratio Wrev 
[kPa] [kg/kg] [kJ/kg] 
200 0.1361 42.07 
400 0.1843 59.8 
600 0.2186 72.21 
800 0.2466 82.06 
1000 0.271 90.35 
1200 0.293 97.58 
1400 0.3134 104 
1600 0.3325 109.9 
1800 0.3508 115.3 
2000 0.3683 120.3 


Eee 


Mratio [kg/kg] 
jo) 
Ò 


800 1000 1200 1400 1600 1800 2000 
Pst] [kPa] 


Wrey [kJ/kg] 
8 


600 


800 1000 1200 1400 
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8-120 A 1-ton (1000 kg) of water is to be cooled in a tank by pouring ice into it. The final equilibrium temperature in the 
tank and the exergy destruction are to be determined. 


Assumptions 1 Thermal properties of the ice and water are constant. 2 Heat transfer to the water tank is negligible. 3 There 
is no stirring by hand or a mechanical device (it will add energy). 


Properties The specific heat of water at room temperature is c = 4.18 kJ/kg-°C, and the specific heat of ice at about 0°C is 
c= 2.11 kJ/kg-°C (Table A-3). The melting temperature and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg.. 


Analysis (a) We take the ice and the water as the system, and 
disregard any heat transfer between the system and the surroundings. 
Then the energy balance for this process can be written as 


Ein -E out = 


system 
Å — 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=AU 
0= AV ice + AU water 


[me(0°C—T,) soa + MA + me(T, -0° ©) jiquia lice + [me -T )]water = 0 
Substituting, 
(80 kg){(2.11 kJ /kg-° C)[0 — (-5)] C+ 333.7 kJ /kg+ (4.18 kJ /kg° CXT» —0)°C} 
+(1000 kg)(4.18 kJ /kg° CXT, — 20)°C =0 
It gives T, = 12.42°C 
which is the final equilibrium temperature in the tank. 


(b) We take the ice and the water as our system, which is a closed system .Considering that the tank is well-insulated and 
thus there is no heat transfer, the entropy balance for this closed system can be expressed as 


Sin T Sout + Sgen z AS system 
— ——Y’ — 
Net entropy transfer Entropy Change 
byheatandmass generation in entropy 
O+S gen = ASice + AS water 


where 


ae i 3 = (1000 kg\(4.18 kJ/kg -K)In = -109.590 kJ/K 
water 


=|AS S solid + AS melting + AS tiguia ) 


1ce 


meltin mh; T, 
a Toot | ] a(n 
solid melting 1 liquid ses 


273 K 333. 7 kJ/kg 4 (4.18 KJ/kg-K)in 285.42 K 
268 K` 2733K l 2733K 


=(80 Ke] @ 11 kJ/kg -K)In 
=115.783 kJ/K 
Then, Sgen = AS water + ASise = -109.590 +115.783 = 6.193 kI/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 
definition X destroyed = ToS'gen > 


X destroyed = ToS gen = (293 K)(6.193 KJ/K) = 1815 kJ 
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8-121 One ton of liquid water at 65°C is brought into a room. The final equilibrium temperature in the room and the 
entropy generated are to be determined. 


Assumptions 1 The room is well insulated and well sealed. 2 The thermal properties of water and air are constant at room 
temperature. 3 The system is stationary and thus the kinetic and potential energy changes are zero. 4 There are no work 
interactions involved. 


Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The constant volume specific heat of water at 
room temperature is cy = 0.718 kJ/kg-°C (Table A-2). The specific heat of water at room temperature is c = 4.18 kJ/kg-°C 
(Table A-3). 


Analysis The volume and the mass of the air in the room are 


V=3x4x7=84m 


3mx4mx7m 


PV 100 kPa)(84 m°? 
Mar = —— = ( a nI =101.3 kg ROOM 
RT, (0.2870 kPa -m /kg ° K)(289 K) 16°C 
Taking the contents of the room, including the water, as our system, the 100 kpa 
energy balance can be written as Heat 
E in ` E out = AE system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
0=A4AU = (AU) water + (AU) ir 
or [me(T> -T Vite +[me, (T, -T Jai =0 


Substituting, (1000 kg\(4.18 kJ/kg -°C\7, — 65}C + (101.3 kg {0.718 kJ/kg - °C)\7, —16PC =0 


It gives the final equilibrium temperature in the room to be 
T;= 64.2°C 


(b) We again take the room and the water in it as the system, which is a closed system. Considering that the system is well- 
insulated and no mass is entering and leaving, the entropy balance for this system can be expressed as 


Sin z Sout E Sgen > AS system 
= —— —" 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
O+S gon = AS air T AS Water 
where 
T, v, ” 337.2 K 
AS yi, =mc, n—+mRIn— =(101.3 kg 0.718 kJ/kg- K)in =11.21kJ/K 
T, V, 289 K 
T. 337.2K 
AS =mcln— = (1000 kgX4.18 kJ/kg - K) In ———— = -10.37 kJ/K 
water T ( gK 8 ) 338K 


1 


Substituting, the entropy generation is determined to be 


Sgen = 11.21 — 10.37 = 0.834 kJ/K 


The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X destroyed = TS 


gen ? 
X destroyed = ToS gen = (283 K)(0.834 KJ/K) = 236 kJ 


(c) The work potential (the maximum amount of work that can be produced) during a process is simply the reversible work 
output. Noting that the actual work for this process is zero, it becomes 


X destroyed =W, = X destroyed = 236 kJ 


rev,out 


—W, 


act,out 


> W, 


rev,out 
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8-122 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill the bottle. The 
amount of heat transfer through the wall of the bottle when thermal and mechanical equilibrium is established and the 
amount of exergy destroyed are to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process, but it 
can be analyzed as a uniform-flow process since the state of fluid at the inlet remains constant. 2 Air is an ideal gas. 3 
Kinetic and potential energies are negligible. 4 There are no work interactions involved. 5 The direction of heat transfer is 
to the air in the bottle (will be verified). 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). 


Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, 
the mass and energy balances can be expressed as 


Mass balance: mi, — Mou = AM > m;=m, (since Mut =Minitiaa = 0) 


system 
Energy balance: 
Á 100 kPa 
Ein = E out = AE system 17°C 
— —S 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
Qin +m;h; =myuy (since W = Ey = E initia) = ke = pe = 0) ioe 
Combining the two balances: Evacuated 
Qin = Mz (u, =h;) 
where 
3 
we PV_ (100 co m = 0.0144 kg 
RT, (0.287 kPa - m°/kg - K [290 K) 
h; = 290.16 kJ/k 
T, = T, =290 K Table A-17 N i 8 
u, = 206.91 kJ/kg 
Substituting, 


Qin = (0.0144 kg)(206.91 - 290.16) kJ/kg =- 1.2k) > Qw=1.2kJ 


Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we reversed the 
direction. 


The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the bottle and its immediate surroundings so that the boundary temperature of the extended system is the 
temperature of the surroundings at all times. The entropy balance for it can be expressed as 

Sin =S oit + Seen = AS 

Net entropy transfer Entropy Change 


by heat and mass generation in entropy 


Qout 20 _ 
MS; ———+ Sgen = AS tank = M282 ZMS] = M8, 


b,in 


system 


Therefore, the total entropy generated during this process is 


1.2 kJ 
Pon =m, (s, -s; ik + Sou Zon Sa 
b,out b,out 


surr 


0.00415 kJ/K 


S sen =—M;S; +M3S3 + 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = LoS gen > 


X destroyed = ToS gen = (290 K)(0.00415KJ/K) = 1.2kJ 
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8-123 Argon gas in a piston—cylinder device expands isothermally as a result of heat transfer from a furnace. The useful 
work output, the exergy destroyed, and the reversible work are to be determined. 


Assumptions 1 Argon at specified conditions can be treated as an ideal gas since it is well above its critical temperature of 
151 K. 2 The kinetic and potential energies are negligible. 


Analysis We take the argon gas contained within the piston—cylinder device as the system. This is a closed system since no 
mass crosses the system boundary during the process. We note that heat is transferred to the system 


from a source at 1200 K, but there is no heat exchange with the environment at 300 K. Also, the temperature of the system 
remains constant during the expansion process, and its volume doubles, that is, 7, = T; and V3 = 2V4. 


(a) The only work interaction involved during this isothermal process is the quasi-equilibrium boundary work, which is 
determined from 


0.02 m> _ 
"= 


2 
v. 
W=W,= [Pav =PV,In . = (350 kPa)(0.01 m?)In 2.43 kPa -m? = 2.43 kJ 
1 


1 0.01m 


This is the total boundary work done by the argon gas. Part of this work is done against the atmospheric pressure Pp to push 
the air out of the way, and it cannot be used for any useful purpose. It is determined from 


W, 


surr 


= P (V, — V,) = (100 kPa) (0.02 — 0.01)m? =1 kPa - m? =1kJ 
The useful work is the difference between these two: 


W, =W -W n =2.43-1=1.43kI 


That is, 1.43 kJ of the work done is available for creating a useful effect such as rotating a shaft. Also, the heat transfer 
from the furnace to the system is determined from an energy balance on the system to be 


Ein = Eit T AE 


system 
—— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin a Op out =AU = me, AT =0 
Qin = Ob out = 2.43 kJ 


(b) The exergy destroyed during a process can be determined from an exergy balance, or directly from Xgestroyea = ToSgen- We 
will use the second approach since it is usually easier. But first we determine the entropy generation by 


applying an entropy balance on an extended system (system + immediate surroundings), which includes the temperature 
gradient zone between the cylinder and the furnace so that the temperature at the boundary where heat 


transfer occurs is Tp = 1200 K. This way, the entropy generation associated with the heat transfer is included. Also, the 
entropy change of the argon gas can be determined from Q/T,,, since its temperature remains constant. 


Sin —S = AS 


in out + S gen system 
KH— — ey 

Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


R SYS 
Therefore, 
2.43kJ 2.4 
Sgen Q G2 aids. 0.00405 kJ/K 
Tos Tr 400K 1200K 
and 
X aest = ToS gen = (300 K)(0.00405 kJ/K) =1.22 kJ 
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(c) The reversible work, which represents the maximum useful work that could be produced Wrev,out, can be determined 
from the exergy balance by setting the exergy destruction equal to zero, 
70 (reversibk) 
x in” X ot ` x destroyed Teves = AX 


—_, —_ 
Net exergy trasfer Exergy Change 
by heat, work,and mass destructim in exergy 


system 


T, 
í “o Wev out =X) Xx 
T, $ 
=(U, -U1 )+ P -V ) -T(S — 51) 


=0+W. 


surr -To 


Sys 


since AKE = APE = 0 and AU = 0 (the change in internal energy of an ideal gas is zero during an isothermal process), and 
ASsys = Q/T ys for isothermal processes in the absence of any irreversibilities. Then, 


T 
W ev out = To 2 = Wi + J 2h 


Sys R 


43k. 
= (300K) eo ikeli 
400K 


=2.65kJ 


_ 300K 
1200K 


joa kJ) 


Therefore, the useful work output would be 2.65 kJ instead of 1.43 kJ if the process were executed in a totally reversible 
manner. 


Alternative Approach The reversible work could also be determined by applying the basics only, without resorting to 
exergy balance. This is done by replacing the irreversible portions of the process by reversible ones that create 


the same effect on the system. The useful work output of this idealized process (between the actual end states) is the 
reversible work. The only irreversibility the actual process involves is the heat transfer between the system and the furnace 
through a finite temperature difference. This irreversibility can be eliminated by operating a reversible heat engine between 
the furnace at 1200 K and the surroundings at 300 K. When 2.43 kJ of heat is supplied to this heat engine, it produces a 
work output of 


300K 
1200K 


T 
Wue z NrevOn = í i Eho, = h izj eas kJ) > 1.82kJ 
H 


The 2.43 kJ of heat that was transferred to the system from the source is now extracted from the surrounding air at 300 K 
by a reversible heat pump that requires a work input of 


On — Ou 7 2.43kJ ae 
COR Ty MT —T,) (400K)K400-300K ` 


Wrap in = 


Then the net work output of this reversible process (i.e., the reversible work) becomes 

Wey =W,, + Wag —Wupin =1.43 + 1.82 — 0.61 = 2.64 kJ 
which is practically identical to the result obtained before. Also, the exergy destroyed is the difference between the 
reversible work and the useful work, and is determined to be 


Xas =W W, ou =2.65 -1.43 =1.22kJ 


rev,out u,out 


which is identical to the result obtained before. 
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8-124 A heat engine operates between two constant-pressure cylinders filled with air at different temperatures. The 
maximum work that can be produced and the final temperatures of the cylinders are to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 


Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1). The constant pressure specific heat of air at room 
temperature is c, = 1.005 kJ/kg.K (Table A-2). 


Analysis For maximum power production, the entropy generation must be zero. We take the two cylinders (the heat source 
and heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and that the 
entropy change for cyclic devices is zero, the entropy balance can be expressed as 


70 
Sin T Sout i Sgen E AS system 
m 
Net entropy transfer Entropy Change 
byheatandmass generation in entropy 
70 AQ 
0+S gen = AS cylinder,source +AS cylinder,sink +AS heat engine 


AS + AS 0 


cylinder,source cylinder,sink — 


#0 20 
T. P. T. P. 
mc , In~- mR In— +0+ mc , In 2 _mR In =0 
7, P, T, Be de 


T, T, 
Tia Tig 


In =0 > T? =T,41ig 


where 7;, and 7), are the initial temperatures of the source and the sink, 
respectively, and T; is the common final temperature. Therefore, the final 
temperature of the tanks for maximum power production is 


T, = JT, 4T,g =-\(900 K)(300 K) = 519.6 K 


The energy balance Ej, — Eou = AE system for the source and sink can be expressed as follows: 


Source: 


=O ircaianit + Wr in =AU > O snicavnt =A = mC, (Ta z T3) 
Osourceout = MC (T4 — T2) = (30 kg)(1.005 KJ/kg- K)(900-519.6)K = 11,469 kJ 


Sink: 
Qsink,in - Ws out =AU > Qsinkin =AH = mC » (T -T,4) 


Oox = MC, (T> -T,p) = (30 kg)(1.005 kJ/kg -K)(519.6—300)K = 6621 kJ 
sink,in p\*2 1B 


Then the work produced becomes 
W maxon = On a QO, = Qsource,out Osink in =] 1,469 6621 = 4847 kJ 


Therefore, a maximum of 4847 kJ of work can be produced during this process 
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8-125 A heat engine operates between a nitrogen tank and an argon cylinder at different temperatures. The maximum work 
that can be produced and the final temperatures are to be determined. 


Assumptions Nitrogen and argon are ideal gases with constant specific heats at room temperature. 


Properties The constant volume specific heat of nitrogen at room temperature is c, = 0.743 kJ/kg.K. The constant pressure 
specific heat of argon at room temperature is c, = 0.5203 kJ/kg.K (Table A-2). 


Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


70 
Sin z S out + S sen = AS system 
— 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


70 70 
0+5 gen = AS tank,source +AS cylinder,sink +AS heat engine 


(AS) source + (AS) sink 7 0 


Kal) #0 
T. V. T. P. 
mc, In — -mR In — +0+| mc, In 2 -mR In =0 
T v T P, a 

source sim 


Substituting, 


T T. 
(20 kg)(0.743 kJ /kg-K)In —2— + (10 kg)(0.5203 kJ/kg- K)In—=— = 0 


1000 K 300 K Ar 
. , 10k 
Solving for T, yields g 
d Ri 300 K 
Ty = 731.8 K 


where T, is the common final temperature of the tanks for maximum power production. 


The energy balance Ein —E,,, = AE for the source and sink can be expressed as follows: 


system 
Source: 

—QOsourceour = AU = mcy (Ta —T14) > Qeource,our = Cv (T14 —T2) 

Qsource,out = Cy (T14 — T2) = (20 kg)(0.743 kJ/kg : K)(1000 — 731.8)K = 3985 kJ 

Sink: 

Qsink in —W,our = AU > Qeink in = AH = mC, (T, -T,4) 

Qsinkin = Cy (Ta —T, 4) = (10 kg)(0.5203 kJ/kg -K)(731.8 — 300)K = 2247 kJ 
Then the work produced becomes 


W max.out = On = QL = Oxsurceoiit Osink in = 3985 — 2247 =1739 kJ 


Therefore, a maximum of 1739 kJ of work can be produced during this process 
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8-126 A rigid tank containing nitrogen is considered. Heat is now transferred to the nitrogen from a reservoir and nitrogen 
is allowed to escape until the mass of nitrogen becomes one-half of its initial mass. The change in the nitrogen's work 
potential is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2 
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with 
constant specific heats. 


Properties The properties of nitrogen at room temperature are c, = 1.039 kJ/kg-K, cy = 0.743 kJ/kg-K, and R = 0.2968 
kJ/kg-K (Table A-2a). 


Analysis The initial and final masses in the tank are 


PV (1200 kPa)(0.050 m°?) 


m = 5 = 0.690 kg Nitrogen 
RT, (0.2968 kPa -m3/kg -K)(293 K) 50 L o 
1200 kPa 
E a E E 


a) 


The final temperature in the tank is 


3 
podi. (1200 kPa)(0.050 m°) r me 


mR (0.345 kg)(0.2968 kPa - m3/kg - K) 


We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy A and internal energy u, respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 
Mass balance: 

Min Mouw = Am 


system > mMm =m 


Energy balance: 


Ein =E out = AE 


system 
— 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin “Mehe = MU, -Mu 
Qout = mehe +M u, =M]; 


Using the average of the initial and final temperatures for the exiting nitrogen, 
T, =0.5(T, + T, ) = 0.5((293 + 586) = 439.5K this energy balance equation becomes 


Qout = Meh, + Mu, — Mu; 
= m,c 1, + mc, T ~ mcy 1, 
= (0.345)(1.039)(439.5) + (0.345)(0.743)(586) — (0.690)(0.743)(293) 
=157.5kJ 
The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition X désttoyed = ToS gne The entropy 


generation Sgen in this case is determined from an entropy balance on the system: 


Sin —S = AS 


in out + S gen system 
ue 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qi 


n z= 
Mese + Sgen = AS tank M782 = MS] 
R 
SPN _ Qin 
Seen = MS, —M,S,;+mM,S, 
R 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


8-124 


Noting that pressures are same, rearranging and substituting gives 


Sgen = M787 — M151 + MeSe — Qin 
R 
C I _ _ Qin 
=m,c, nT, —mc, InT, +m,c, nT, -== 
R 
157.5 
= (0.345)(1.039) In(586) — (0.690)(1.039) In(293) + (0.345)(1.039) In(439.5) ~ = 


= 0.190 kJ/K 
Then, 
Wev = X destroyed = ToS gen = (293 K)(0.190 kJ/K) = 55.7 kJ 


Alternative More Accurate Solution 


This problem may also be solved by considering the variation of gas temperature at the outlet of the tank. The 
mass and energy balances are 


__ am 

e dt 

SEO y EE EE a a 
dt dt dt P dt 


Combining these expressions and replacing T in the last term gives 


d(mT) op PV dm 
dt Rm dt 


Q=c, 
Integrating this over the time required to release one-half the mass produces 
c, PV m, 


Q=c, (mT, -m,T;,) z In 
R m 


The reduced combined first and second law becomes 


. ; T, d(U -T,S 
Wy =O\1-— Se E ye 
T; di dt 


when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Expanding 
the system time derivative gives 


To \_ d(mu—Tyms) 


dm 
+ (h-Tpys) — 
dt (mato dt 


Wev = of a 


aly) +Tym ca +T ys an +(h-Tps) an 
dt dt dt dt 
d(mu) pig mio th 

dt dt T dt 


tQ 
— 
vja for! on wi 
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Substituting Q from the first law, 


W, _| d(mu) h dm 1 To d(mu) n dm Em Ty dh 
dt dt Tp dt dt T dt 
| ON 25 a g 
Tp dt dt dt 
Ty l d(mT) dm a 
Cy cT mc, 
Tp dt dt dt 
At any time, 
parv 
mR 


which further reduces this result to 


Cy dT RdP 
Wie == > ee om Th. og = I ao 
Tp mR dt T dt Pat 
When this integrated over the time to complete the process, the result is 
c,PV c,PV 
w -2 P mn eae 
_ 293 (1.039)(1200)(0.050) In} + (293) (1.039)(1200)(0.050) 


1 
773 0.2968 2 0.2968 
=49.8kJ 


1 1 
293 586 
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8-127 A rigid tank containing nitrogen is considered. Nitrogen is allowed to escape until the mass of nitrogen becomes one- 
half of its initial mass. The change in the nitrogen's work potential is to be determined. 


Assumptions 1 This is an unsteady process since the conditions within the device are changing during the process. 2 
Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 Nitrogen is an ideal gas with 
constant specific heats. 


Properties The properties of nitrogen at room temperature are c, = 1.039 kJ/kg-K, 


cv = 0.743 kJ/kg-K, k = 1.4, and R = 0.2968 kJ/kg-K (Table A-2a). Nitrogen 
100 L 
Analysis The initial and final masses in the tank are 1000 kPa 
1000 kPa)(0.100 m° 
ee EE 0 
RT, (0.2968 kPa-m”/kg-K)(293 K) 
1.150k 
m, =m, === A 5 = 0.575kg Me 


We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the microscopic 
energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, the mass and 
energy balances for this uniform-flow system can be expressed as 


Mass balance: 


Min — Mout = Am > m=mM), 


system 
Energy balance: 
E in E out = AE system 
KH 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


-Mehe = mu, -mu 
Using the average of the initial and final temperatures for the exiting nitrogen, this energy balance equation becomes 
-Mehe = Mu, — mu, 
—m,c Te =MC,T, —m,c, 1, 
—(0.575)(1.039)(0.5)(293 + T, ) = (0.575)(0.743)7, —(1.150)(0.743)(293) 


Solving for the final temperature, we get 


T, = 224.3 K 
The final pressure in the tank is 


_ MRT, _ (0.575 kg)(0.2968 kPa - m?/kg-K)(224.3 K) 


7 ae = 382.8 kPa 
.100 m 


P, 


The average temperature and pressure for the exiting nitrogen is 


T, =0.5(T, + T} ) = 0.5(293 + 224.3) = 258.7 K 
P, =0.5(P, + Py) = 0.5(1000 +382.8) = 691.4 kPa 


The work potential associated with this process is equal to the exergy destroyed during the process. The exergy destruction 
during a process can be determined from an exergy balance or directly from its definition X destroyed = 7S gen - The entropy 


generation Sgen in this case is determined from an entropy balance on the system: 


Sin Sou + Sgen =AS 


in out system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 


Mese ESen = AS tank = M78. —M)S) 


Sein =M Sy —m,S,;+m,S, 
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Rearranging and substituting gives 
S gen = MS —MS, +MeSe 
=m)(c, InT, -Rln P,)-m (c, In7,-RInP,)+m,(c, nT, — Rin P,) 
= (0.575)[1.039 In(224.3) — (0.2968) In(382.8)|— (1.15) [1.039 In(293) — (0.2968) In(1000)] 
+ (0.575)[1.039 In(258.7) — (0.2968) In(691.4)] 
= 2.2188 — 4.4292 + 2.2032 = -0.007152 kJ/K 
Then, 
W, 


rev 


= X destroyed = TS gen = (293 K)(—-0.007152 kI/K) = -2.10 kJ 


The entropy generation cannot be negative for a thermodynamically possible process. This result is probably due to using 
average temperature and pressure values for the exiting gas and using constant specific heats for nitrogen. This sensitivity 
occurs because the entropy generation is very small in this process. 


Alternative More Accurate Solution 


This problem may also be solved by considering the variation of gas temperature and pressure at the outlet of the 
tank. The mass balance in this case is 


which when combined with the reduced first law gives 


d(mu) = p” 
dt dt 


Using the specific heats and the ideal gas equation of state reduces this to 
V dP dm 
Cpe Gt e 
R dt dt 
which upon rearrangement and an additional use of ideal gas equation of state becomes 


l dP Cy 1 dm 
Pdt c,m dt 


When this is integrated, the result is 


k 1.4 
P, = p(z) = ioo +) =378.9 kPa 
mı 2 


The final temperature is then 


OPV (378.9 kPa)(0.100 m°) 


; =222.0K 
mR (0.575 kg)(0.2968 kPa: m°*/kg-K) 


The process is then one of 


k k-1 


m 
D =const or = const 


The reduced combined first and second law becomes 


w., d(U -T)S) 
dt 


dm 
+(h-T, 
( 05) di 


when the mass balance is substituted and the entropy generation is set to zero (for maximum work production). Replacing 
the enthalpy term with the first law result and canceling the common dU/dt term reduces this to 
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. d(ms) dm 
Wev = To dt Tos dt 


Expanding the first derivative and canceling the common terms further reduces this to 


Letting a = P, / mt and b=T, / mt “| the pressure and temperature of the nitrogen in the system are related to the mass by 
P=am* and T=bm*"' 

according to the first law. Then, 
dP =akm*"'dm and dT =b(k-1)m*?dm 

The entropy change relation then becomes 


dT 
G 
oe i 


(Ez 


dP 
d R k-1 Rk 
5 P k )cp m 


Now, multiplying the combined first and second laws by dt and integrating the result gives 


2 2 
Wie = To { mds = To { mas|(k =e, - Rk dm 


1 1 
= Tyke, — Rk [ms -m ) 
= (293)[(1.4—1)(1.039) — (0.2968)(1.4) (0.575 — 1.15) 
= -0.0135 kJ 


Once again the entropy generation is negative, which cannot be the case for a thermodynamically possible process. This is 
probably due to using constant specific heats for nitrogen. This sensitivity occurs because the entropy generation is very 
small in this process. 
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8-128 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of steam and the 
rate of exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 


Properties The enthalpy and entropy of vaporization of water at 45°C are At = 2394.0 kJ/kg and Stg = 7.5247 kJ/kg.K 
(Table A-4). The specific heat of water at room temperature is c, = 4.18 kJ/kg.°C (Table A-3). 


Analysis (a) We take the cold water tubes as the system, which is a control volume. The energy 
balance for this steady-flow system can be expressed in the rate form as 


E in E out = NOPE ore =0 
Rate of net energy transfer Rate of ch: in internal. kineti Steam 
by heat, work,and mass -potential,etc. energies py 45°C 
Ein a E out 20°C 
" s —— 
Qin t+mh,=mh, (since Ake = Ape = 0) 
Oin = mc , (T =i) 
Then the heat transfer rate to the cooling water in the condenser 
becomes 12°C 
: f 3 
Q= [mc , ait =n Jeooting water Wat 
= (330 kg/s)(4.18 kJ/kg.°C)(20°C — 12°C) | ga 
=11,035 kJ/s 45°C i 


The rate of condensation of steam is determined to be 


Ò — 11,035KJ/s 


hy 2394.0 kJ/kg 


=4.61kg/s 


Q = (mh p ) steam > Msteam = 


(b) The rate of entropy generation within the condenser during this process can be determined by applying the rate form of 
the entropy balance on the entire condenser. Noting that the condenser is well-insulated and thus heat transfer is negligible, 
the entropy balance for this steady-flow system can be expressed as 

T $ = AS 0 (steady) 


Sin -S 


in out gen system 
9 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS; +M383 —M7S, —M4S4 + Sgen =O (since O=0) 


m water 


S1 + M team 53 T MwaterS2 — steam 4 FD gen =0 


Sgen = M water (S2 = 51) + Msteam (S4 —53) 
Noting that water is an incompressible substance and steam changes from saturated vapor to saturated liquid, the rate of 
entropy generation is determined to be 


. T. T. 

= 2 ; L Inri 

Sgen = M water? p i + Mgteam (ss ~ Sg) = M water? p In T Msteam fg 
1 1 


= (330 kg/s)(4.18 kJ/kg.K)In Eun ~ (4.61 kg/s)(7.5247 KJ/kg.K) = 3.501 kW/K 


27 


Then the exergy destroyed can be determined directly from its definition X destroyed = ToS gen to be 


X destroyed = ToS gen = (285 K)(3.501 kW/K) = 998 kW 
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8-129 A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is considered. The change 
in the exergy of the air in the tank and the work required to compress the air as the tank was being filled are to be 
determined. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 


Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, k 
= 1.4 (Table A-2a). 


Analysis The initial mass of air in the tank is 


— Patia «(100 kPa)(5x 10° m°) 


initial 
RT. 


- ; = 0.5946x10° kg 
initial (0.287 kPa-m /kg : K)(293 K) 


and the final mass in the tank is 


— PrinaY — (600 kPa)(5x 10° m°) 
RT ina (0.287 kPa -m?/kg -K)(293 K) 


=3.568x10° kg 


M final 


Since the compressor operates as an isentropic device, 


P, (k-1)/k 
T, =T,| — 


The conservation of mass applied to the tank gives 


dm . 
dt 


in 


while the first law gives 


Employing the ideal gas equation of state and using constant specific heats, expands this result to 


ou, V dP 
R dt °° RT dt 


Using the temperature relation across the compressor and multiplying by dt puts this result in the form 


k-l)/k 
a VE Y 


— dP 
P RT 


. Kk 
Qdt = a dP en 
When this integrated, it yields (i and f stand for initial and final states) 


(k-1)/k 
Kk, k cW Py 
E p2 i 


t 


 2k-1 R P, 
5 5 0.4/1.4 
_ ©100718 600-100) -14 (1.005)(5x10")} 59/600 a 
0.287 20.4)-1 0.287 100 


=-6.017x10° kJ 


The negative result show that heat is transferred from the tank. Applying the first law to the tank and compressor gives 
(Q -Woudt = d (onus) — hyd 


which integrates to 


O-Wyy =(m pur m,u;) hmp m;) 
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Upon rearrangement, 
Wot =Q+(cp —Cy)T (my —m;) 
=~6.017x10* + (1.005 —0.718)(293)[(3.568 — 0.5946) x 10°] 
= -3.516 x10° kJ 


The negative sign shows that work is done on the compressor. When the combined first and second laws is reduced to fit 
the compressor and tank system and the mass balance incorporated, the result is 


oi -T)-2U -09 y r,s) am 
Tr dt dt 


W, 


which when integrated over the process becomes 


T 
Wo = 1-2} ml hy)-Ty(s; -5,)]—m (up — ty) —To(s , -51)] 
R 


-of1-2} embry -pkmy|tyt -op-en 2E] 
T P, 


L 


=-6.017 «10'[1- 22] + 0.5946 x10°|(0.718 —1.005)293] 


-3.568%10°|(0.718-1.005)293 + 293(0.287) In a 


= 7.875x10° kJ 


This is the exergy change of the air stored in the tank. 
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8-130 The air stored in the tank of the system shown in the figure is released through the isentropic turbine. The work 
produced and the change in the exergy of the air in the tank are to be determined. 


Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with constant specific 
heats. 


Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, k 
= 1.4 (Table A-2a). 


Analysis The initial mass of air in the tank is 


Hevea Paiti _ (600 kPa)(5x10° m°) 
MN RT aitia (0.287 kPa -m3/kg-K)(293 K) 


= 3.568x10° kg 


and the final mass in the tank is 


Paa (100 kPa)(5x 10° m°) 


> = 0.5946x10Ć kg 
RTanai (0.287 kPa -m*/kg - K)(293 K) 


M final 


The conservation of mass is 
dm. 
am 


while the first law gives 


Employing the ideal gas equation of state and using 
constant specific heats, expands this result to 


[= 
U 


- Uk, dP V dP Compressor P. 
Q= R dt pT RT di Storage tank =s 
Cy -C 
= P y E 
R dt 
ye 
dt 


When this is integrated over the process, the result is (i and f stand for initial and final states) 


Q =-V(P, — P,) =-5x10° (100-600) = 2.5x10* kJ 
Applying the first law to the tank and compressor gives 
(O—Woy,)dt = d(mu) —hdm 
which integrates to 
O- Fa = (m fu ¢ —m,u;)+h(m; - mp) 


-W, 


out =Q +m pu p —mju; +h(m; -mp ) 

Won =Q-mpus +mu;-h(m;-mp) 
=Q-m,c,T+m,c,T-c,T(m;-my,) 

= 2.5x10* — (0.5946 x10°)(0.718)(293) + (3.568 x 10° )(1.005)(293) 
—(1.005)(293)(3.568x 10° — 0.5946 10°) 

=3.00x10° kJ 


This is the work output from the turbine. When the combined first and second laws is reduced to fit the turbine and tank 
system and the mass balance incorporated, the result is 
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Pa = OI 2) wee AD th Ty jo 

TR 

7 To dm mT) dm 
of z) (u—Tys +(h Tos) 
_ Ty ds 

of Ft) sty ren dt 


T, 
-i a c, )T a AUR P) 


where the last step uses entropy change equation. When this is integrated over the process it becomes 


Wev -d1- To Je, c, )T (my -mpv Le, -P;) 


2 2 
= soio (1-28), (1.005 — 0.718)(293)(0.5946 —3.568)x10f +5x10° Z (100 —600) 


=0—2.500x10° -2.5x108 
= -5.00 x10 kJ 


This is the exergy change of the air in the storage tank. 
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8-131 A heat engine operates between a tank and a cylinder filled with air at different temperatures. The maximum work 
that can be produced and the final temperatures are to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The specific heats of air are c, = 0.718 kJ/kg.K and c, = 1.005 kJ/kg.K (Table A-2). 


Analysis For maximum power production, the entropy generation must be zero. We take the tank, the cylinder (the heat 
source and the heat sink) and the heat engine as the system. Noting that the system involves no heat and mass transfer and 
that the entropy change for cyclic devices is zero, the entropy balance can be expressed as 


70 
Sin ~ S out i Saen T. AS System 
Net entropy transfer Entropy Change 
by heatand mass generation in entropy 


70 70 
0+5 gen = AS tank,source +AS cylinder,sink +AS heat engine 


(AS) source + (AS) sink 7 0 


1 1 1 P 


Kal) 0) 
T, V. T, P. 
me, In——mRIn— +0+| mc, In 2 -mR In =0 
T, V T, a 
source sim 


k 
T. c T: T, | T. Mk+1 
n+ ig A 2) ee eo 


Ta Cy Tp Tia \Tig 
where Tia and Tıg are the initial temperatures of the source and the sink, Air 
respectively, and T is the common final temperature. Therefore, the final 40 kg 
temperature of the tanks for maximum power production is 280 K 


T,= (600 K)(280 K)'* ja =384.7 K 
Source: 

—QOsourceour = AU = mcy (Ta -714) > Qsource,out = Cv (T14 —T2) 

Qsource,out = Cy (T14 — T2) = (40 kg)(0.718 kJ/kg - K)(600 — 384.7)K = 6184 kJ 
Sink: 

Qsink in Wb out = AU > Qeink in = AH = mC, (T, -T,4) 

Q;inkin = Cy (Ty — T14) = (40 kg)(1.005 kJ/kg - K)(384.7 — 280)K = 4208 kJ 
Then the work produced becomes 

Wmax,ou. = Qu — Or = Qsourceour ~ Qsink,in = 6184 — 4208 = 1977 kJ 


Therefore, a maximum of 1977 kJ of work can be produced during this process. 
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8-135 


8-132E Large brass plates are heated in an oven at a rate of 300/min. The rate of heat transfer to the plates in the oven and 
the rate of exergy destruction associated with this heat transfer process are to be determined. 


Assumptions 1 The thermal properties of the plates are constant. 
2 The changes in kinetic and potential energies are negligible. 3 
The environment temperature is 75°F. oe 


Oven, 1300°F 


Properties The density and specific heat of the brass are given to 
be p= 532.5 lbm/ft* and c, = 0.091 Btu/Ibm.°F. 


Analysis We take the plate to be the system. The energy balance 
for this closed system can be expressed as 
12i 
En T E out = AE system X 


en 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = AU plate = m(u, —u,) = me(T, -T,) Haa 


The mass of each plate and the amount of heat transfer to each plate is = 


m= pV = pLA = (532.5 lbm/ft? )[(1.2 / 12 ft)(2 ft)(2 ft)] = 213 Ibm 
Qin =mc(T, —T,) = (213 Ibm/plate)(0.09 1 Btu/Ibm.°F)(1000 — 75)°F = 17,930 Btu/plate 
Then the total rate of heat transfer to the plates becomes 


Ons = NptateQin, per plate = (300 plates/min) x (17,930 Btu/plate) = 5,379,000 Btu/min = 89,650 Btu/s 


We again take a single plate as the system. The entropy generated during this process can be determined by applying an 
entropy balance on an extended system that includes the plate and its immediate surroundings so that the boundary 
temperature of the extended system is at 1300°F at all times: 


S in S out + S gen 7 AS system 
Net entropy transfer Entropy Change 
by heat and mass generation in entropy 
Qin Qin 
T, +5 gen = AS system > S geni = T, + AS system 
where 
T. 1 +460) R PEET 
AS system = M(S2 — S1) = MC avg In — = (213 Ibm)(0.091 Btu/Ibm.R) ja T RA =19.46 Btu/R Substituting, 
T, (1715+460) R 
On 17,930 Btu 
Soen =- + AS = —-————_ + 19.46 Btu/R = 9.272 Btu/R (per plate 
gen system - —T3094460R (per plate) 


Then the rate of entropy generation becomes 


Sen =Sgen Mpa = (9.272 Btu/R - plate)(300 plates/min) = 2781 Btu/min.R = 46.35 Btu/s.R 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = ToS gen > 


X destroyed = ToS gen = (535 R)(46.35 Btu/s.R) = 24,797 Btu/s 
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8-133 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the oven and the rate of 
exergy destruction associated with this heat transfer process are to be determined. 


Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential energies are 
negligible. 3 The environment temperature is 30°C. 


Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m? and Cp = 0.465 kJ/kg.°C. 


Analysis Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we can say that a 3-m 
long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in | minute is 


m = pV = pLA = pL(aD* /4) = (7833 kg/m? )(3 m)[z(0.1 m}? /4] = 184.6 kg 


We take the 3-m section of the rod in the oven as the system. The energy balance for this closed 
system can be expressed as 


E fi E out = AE system 
~~. 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Qin = AU rod = muy =u) a mc(T, -T,) 
Substituting, 
Qin =mc(T, -T ) = (184.6 kg)(0.465 kJ/kg.°C)(700 — 30)°C = 57,512 kJ 


Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes 


Òn = Q / At = (57,512 KJ)/(1 min) = 57,512 kJ/min = 958.5 kW 


We again take the 3-m long section of the rod as the system The entropy generated during this process can be determined 
by applying an entropy balance on an extended system that includes the rod and its immediate surroundings so that the 
boundary temperature of the extended system is at 900°C at all times: 


Sin Z Sout + S sen = AS 
= 


system 
Ss Saas 
Net entropy transfer Entropy Change 


by heat and mass generation in entropy 
Gin + S gen z AS system z S gen ae Gin + AS system 
b T, 
where 
T. 700 +273 
AS sstem = (S83 —S,) = Cy, In = = (184.6 kg)(0.465 kJ/kg.K) In ———— = 100.1 kJ/K 
system ( 2 1) avg T, ( £)( 8 ) 30+273 

Substituting, 

S = Zit-+as oo. E sik 


pena system “(900+ 273)R 


Noting that this much entropy is generated in | min, the rate of entropy generation becomes 


So Sgen S1.1kKJ/K 


sa - = 51.1 kJ/min.K = 0.852 kW/K 
At l min 


The exergy destroyed during a process can be determined from an exergy balance or directly from its definition 
X destroyed = ZS gen > 


X destroyed = ToS gen = (298 K)(0.852 kW/K) = 254 kW 
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8-134 Water is heated in a heat exchanger by geothermal water. The rate of heat transfer to the water and the rate of exergy 
destruction within the heat exchanger are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss to the 
surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes 
in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties are constant. 5 The environment 
temperature is 25°C. 


Properties The specific heats of water and geothermal fluid are given to be 4.18 and 4.31 kJ/kg.°C, respectively. 


Analysis (a) We take the cold water tubes as the system, which is 
a control volume. The energy balance for this steady-flow system 60°C 
can be expressed in the rate form as ' 


: ; : AO (steady) = . 
Ein — E out = AE aa =0 Brine 
er o 

Rate of net energy transfer Rate of change in internal, kinetic, 140°C 

by heat, work, and mass potential, etc. energies 


Ein E Eü 
Oin +h, =h, (since Ake = Ape = 0) 
Òn = the, (T, -T,) 


Then the rate of heat transfer to the cold water in the heat exchanger becomes 


Oin water = [c p (Tout — Tin water = (0.4 kKg/s)(4.18 KJ/kg.°C)(60°C — 25°C) = 58.52 kW 


Noting that heat transfer to the cold water is equal to the heat loss from the geothermal water, the outlet temperature of the 
geothermal water is determined from 


= Gow = 140°C phil =94.7°C 
mc, (0.3 kg/s)(4.3 1 kJ/kg.°C) 


(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the entropy balance 
on the entire heat exchanger: 


Oout = [mc , (Tin az Tout Mees > Tout = Tin 


> : a ERG <0 (steady) 
Sin 2 Sout + Sgen = AS system 
FS 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


MS, +mM353 —M3S3 -M454 +S gen =0 (since Q=0) 


m 


water’ | FM geo 53 —MyyaterS2 — Mge054 +S pen =0 


Sgen = M water (S2 = S1) +M geo (S4 — 53) 


Noting that both fresh and geothermal water are incompressible substances, the rate of entropy generation is determined to 
be 


l T. T. 
Sgen =M watert p In Z+ geot p In 
l : The exergy 
60+273 94.7+273 
= (0.4 kg/s)(4.18 kI/kg.K)In ———— + (0.3 kg/s)(4.31 kJ/kg. K)In ŻA = 0.0356 kW/K 
amet eKin 54273 OREN sK 704273 


destroyed during a process can be determined from an exergy balance or directly from its definition X destroyed = ToS gen > 


X destroyed = ToS gen = (298 K)(0.0356 kW/K) = 10.61 kW 
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8-135 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of fuel and money 
such a generator will save per year and the rate of exergy destruction within the regenerator are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The properties of the milk are constant. 5 The environment 
temperature is 18°C. 


Properties The average density and specific heat of milk can be taken to be miik = Pwater = | kg/L and Cp min= 3.79 
kJ/kg.°C (Table A-3). 
Analysis The mass flow rate of the milk is 


Tmik = Vni = kg/L)(12 L/s) = 12 kg/s = 43,200 kg/h 


Taking the pasteurizing section as the system, the energy balance for this steady-flow system can be expressed in the rate 
form as 


Ew -È y os AE 70 (steady) =) > E. = E 


system 


— SAAE ————— 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Q; +mh, =mh, (since Ake = Ape = 0) 
Qin = Milk p (T, -T,) 
Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a rate of 
Ocurrent = [rhc p (Tpasturization — Trettigeration I mitk = (12 kg/s)(3.79 kI/kg.°C)(72 — 4)°C = 3093 KJ/s 
The proposed regenerator has an effectiveness of ¢ = 0.82, and thus it will save 82 percent of this energy. Therefore, 
Osaved = EQourrent = (0.82)(3093 kJ /s) = 2536 kJ /s 
Noting that the boiler has an efficiency of nboiler = 0.82, the energy savings above correspond to fuel savings of 


Osayea _ (2536 kJ/s) (I therm) 
oiler (0.82) (105,500 kJ) 


Fuel Saved = = 0.02931 therm / s 


Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $1.04/therm, the annual fuel and money savings will be 
Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr 


Money saved = (Fuel saved)(Unit cost of fuel) = (924,450 therm/yr)($1.04/therm) = $961,430/yr 


The rate of entropy generation during this process is determined by applying the rate form of the entropy balance on an 
extended system that includes the regenerator and the immediate surroundings so that the boundary temperature is the 
surroundings temperature, which we take to be the cold water temperature of 18°C.: 


: : 3 ` #0 (steady) 5 5 5 
S in S out + S gen = AS system > 5S gen 7 S out S in 
Ke 
Rate of net entropy transfer Rate of entropy Rate of change 
by heat and mass generation of entropy 


Disregarding entropy transfer associated with fuel flow, the only significant difference between the two cases is the 
reduction in the entropy transfer to water due to the reduction in heat transfer to water, and is determined to be 


= Oiri = O34 4 2536 kJ/s 


S = S . =8.715kW/K 
gen, reduction out, reduction Tes fi. 184273 
S gen, reduction = Sgen, reduction Mt = (8.715 kJ/s.K)(8760 x 3600 s/year) = 2.75 x 10° KJ/K (per year) 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X destroyed = 20S gen > 


=S = (291 K)(2.75 x 108 kJ/K) = 8.00 x10 kJ (per year) 


Xx destroyed, reduction gen, reduction 


8-136 Exhaust gases are expanded in a turbine, which is not well-insulated. Tha actual and reversible power outputs, the 


exergy destroyed, and the second-law efficiency are to be determined. 
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Assumptions 1 Steady operating conditions exist. 2 Potential energy change is 
negligible. 3 Air is an ideal gas with constant specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg.K and the specific heat of air at the average temperature of 
(627+527)/2 = 577°C = 850 K is c, = 1.11 kJ/kg.°C (Table A-2). 


Analysis (a) The enthalpy and entropy changes of air across the turbine are 


Exh. gas 
627°C 
Ah =c,,(T) —T,) = (1.11 kS/kg.°C)(527— 627)°C = -111 kJ/k 
vo a ° 1.2 MPa 
T P. 
As=c, ln 22 Rn 
1 P : 
274+ 273)K 
= (1.11 ki/kg.KyIn P2227 _ (0.287 kJ/kg.K) In OP 
(627+ 273) K 1200 kPa 
= 0.1205 kI/kg.K 527°C | 
500 kPa 


The actual and reversible power outputs from the turbine are 


-Wou = MAN + Ò, = (2.5 kg/s)(-111kI/kg)+ 20 kW = -257.5 kW 
—Wee our = Hi(Ah —TyAs) = (2.5 kg/s)(11 1 kJ/kg) —(25+ 273 K)(0.1205 kJ/kg.K) = -367.3 kW 


or 


Wout = 257.5 kW 


Wey out = 367-3 kW 
(b) The exergy destroyed in the turbine is 

X aest = Wrey -Wa = 367.3— 257.5 =109.8 kW 
(c) The second-law efficiency is 


W, _ 257.5kW 
W. 367.3kW 


rev 


= 0.701 = 70.1% 


11 = 
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8-140 


8-137 Refrigerant-134a is compressed in an adiabatic compressor, whose second-law efficiency is given. The actual work 
input, the isentropic efficiency, and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of the refrigerant at the inlet of the compressor are (Tables A-11 through A-13) 
Tsa@160 kPa 7 —15.60°C 


P, =160kPa h, = 243.60 kJ/kg 
T, =(-15.60+3)°C{ sı = 0.95153 kI/kg.K 


The enthalpy at the exit for if the process was isentropic is Compressor 
P, =1MPa 
ze a(OsieseieRl fe Oo 
a : R-134a 
160 kPa 


The expressions for actual and reversible works are 
w, = Ay —h, = (hy —243.60)kJ/kg 
Weey =h — hy — To (8. — 81) = (Ay — 243.60) kJ/kg — (25 + 273 K)(s, — 0.95153) kI/kg.K 
Substituting these into the expression for the second-law efficiency 


hy -—243.60 —(298)(s, — 0.95153) 
hy -243.60 


Wrey 
1 = > 0.80 = 
w. 


a 


The exit pressure is given (1 MPa). We need one more property to fix the exit state. By a trial-error approach or using EES, 
we obtain the exit temperature to be 60°C. The corresponding enthalpy and entropy values satisfying this equation are 


hy =293.36 kJ/kg 
s, = 0.98492 kJ/kg.K 


Then, 
w, =h, —h, = 293.36 -243.60 = 49.76kJIkg 
Wrey = My — hy -To (s2 — s1) = (293.36 — 243 .60)kJ/kg — (25 + 273 K)(0.98492 — 0.9515)kJ/kg -K = 39.81 kJ/kg 


(b) The isentropic efficiency is determined from its definition 


həs -h _ (282.41-243.60)KJ/K8 _ 0.780 
hy —h, (293.36 -243.60)kJ/kg 


Is = 


(b) The exergy destroyed in the compressor is 


Xdest = Wa —Wrey = 49.76 — 39.81 = 9.95 kJ/kg 
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8-138 The isentropic efficiency of a water pump is specified. The actual power output, the rate of frictional heating, the 
exergy destruction, and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) Using saturated liquid properties at the given temperature 
for the inlet state (Table A-4) 


hy =125.82 kJ/k ae 
apogee 8 100 kPa 4 MPa 
sa | sı = 0.4367 kJ/kg.K De 
=0 
"I v = 0.001004 m3/kg 1.35 kg/s 


The power input if the process was isentropic is 
W, = mu, (P, — P) = (1.35 kg/s)(0.00 1004 m3/kg)(4000 —100)kPa = 5.288 kW 
Given the isentropic efficiency, the actual power may be determined to be 


y Ws _ 5.288kW 


j =7.554 kW 
A 0.70 


(b) The difference between the actual and isentropic works is the frictional heating in the pump 
Orctional = W, —W, = 7.554- 5.288 = 2.266 kW 
(c) The enthalpy at the exit of the pump for the actual process can be determined from 
W, = (h, — h) — 7.554 kW = (1.35 kg/s)(h, —125.82)kJ/kg —> h, = 131.42 kJ/kg 
The entropy at the exit is 


P, =4MPa 


s, =0.4423 kJ/kg.K 
hy =131.42 kJ/kg 


The reversible power and the exergy destruction are 


Wev = |h, h -T(s2 s)] 
= (1.35 kg/s)[(131.42 -125.82)KJ/kg — (20 + 273 K)(0.4423 — 0.4367)kJ/kg.K] = 5.362 kW 
X dest =W, -Wp =7.554-5.362 = 2.193 kW 


(d) The second-law efficiency is 


ny = Hise. = 5382KW _ 9 719 
W,  7.554kW 


a 
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8-142 
8-139 Argon gas is expanded adiabatically in an expansion valve. The exergy of argon at the inlet, the exergy destruction, 
and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are zero. 3 Argon is an ideal gas 
with constant specific heats. 


Properties The properties of argon gas are R = 0.2081 kJ/kg.K, 
Cp = 0.5203 kJ/kg.°C (Table A-2). 


A ¢ 4 
Analysis (a) The exergy of the argon at the inlet is 3 ae _ 500 kPa 


Xi = h; — ho -To (s1 — S0) 100°C 
T, P 
=c (T,-Ty)-Tp|c, n—--RIn— 
Cy 1ı-To) le, T, a 
373K 3500 kPa 
= (0.5203 kJ/kg.K)(100 — 25)°C — (298 KJ (0.5203 kJ/kg.K)I — (0.2081 kJ/kg.K)ln ——_\! 
( g.K)( yc -( { g GETTA ( g nr | 


= 224.7 kJIkg 


(b) Noting that the temperature remains constant in a throttling process of an ideal gas, the exergy destruction is determined 
from 


X dest = ToS gen 
= To (s2 -5)) 
500 kPa | 


P 
= T| -R In — | = (298 K)| - (0.2081 kI/kg.K)I 
f nf] j-i : ere 


0 
= 120.7 kJ/kg 
(c) The second-law efficiency is 


Xi —Xaest _ (224.7-120.7) kJ/kg _ 0.463 
x 224.7 kJ/kg 


1u = 
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8-140 Heat is lost from the air flowing in a diffuser. The exit temperature, the rate of exergy destruction, and the second law 
efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Potential energy change is negligible. 3 Nitrogen is an ideal gas with 
variable specific heats. 


Properties The gas constant of nitrogen is R = 0.2968 kJ/kg.K. 


Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. At the inlet of the diffuser and 
at the dead state, we have 


T, =110°C = 383K] hy = 88.39 kJ/kg ? 
P, =100 kPa s, =7.101 kJ/kg- K arash 

100 kPa 110 KP 
T, =300K | hy =1.93 kJ/kg Mocs rr ae 
P, =100 kPa Í sọ = 6.846 KJ/kg -K 205 m/s a 


An energy balance on the diffuser gives 


y? V; 
hehe 4 
1 2 2 2 7 out 
2 2 
88.39 Tike + CSS í zee p)ar Se í LEKE +} +25 kk 
2 1000 m*/s 2 1000 m*/s 


——>h, =105.9 kJ/kg 
The corresponding properties at the exit of the diffuser are 
h, =105.9 | T, =127°C = 400K 
P =110 kPa Sy =7.117 kJ/kg -K 
(b) The mass flow rate of the nitrogen is determined to be 


110 kPa 


= (0.04 m”)(45 m/s) = 1.669 kg/s 
(0.2968 kJ/kg.K)(400 K) 


: P. 
m= PAV, B AV 
2 


The exergy destruction in the nozzle is the exergy difference between the inlet and exit of the diffuser 


y? -v2 


tesih h, + Ty (sı sD 


88.39 — 105.9)kJ/kg + 
- (1.669 kg/s)| § J/kg 2 


- (300 K)(7.101— 7.117)kJ/kg.K 


(205 m/s)? — (45 m/s)? f 1kJ/kg 
1000 m?/s? J |=12.4 kW 


(c) The second-law efficiency for this device may be defined as the exergy output divided by the exergy input: 


. V2 
Xi silh ho t 5 Ty (sı J 


2 
-0.669 kes) 8839-193 kike- eine) | lklikg 


) (300 K)(7.101 — ssa | 


2 1000 m/s? 
=51.96 kW 
X x 
Ny =—2=1-—#t=1 LEW 20761 296% 
x x 51.96kW 
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8-141 Using an incompressible substance as an example, it is to be demonstrated if closed system and flow exergies can be 
negative. 


Analysis The availability of a closed system cannot be negative. However, the flow availability can be negative at low 
pressures. A closed system has zero availability at dead state, and positive availability at any other state since we can 
always produce work when there is a pressure or temperature differential. 


To see that the flow availability can be negative, consider an incompressible substance. The flow availability can 
be written as 


w =h- ho +To(s=so) 
=(u-—uy)+V(P—Py)+ Ty(s— 59) 
=&+v(P-P) 


The closed system availability € is always positive or zero, and the flow availability can be negative when P << Po, 


8-142 A relation for the second-law efficiency of a heat engine operating between a heat source and a heat sink at specified 
temperatures is to be obtained. 


Analysis The second-law efficiency is defined as the ratio of the availability recovered os 
to availability supplied during a process. The work W produced is the availability al H 
recovered. The decrease in the availability of the heat supplied Qy is the availability 

supplied or invested. Qn 
Therefore, 


W Ome W 
11 = L] 


To To 
(pre i 


Qr 
Note that the first term in the denominator is the availability of heat supplied to the heat \ 
engine whereas the second term is the availability of the heat rejected by the heat 
engine. The difference between the two is the availability consumed during the Tı 
process. Sink 
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8-145 


8-143 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a closed system that 
exchanges heat with surroundings at Tọ in the amount of Qo as well as a heat reservoir at temperature Tg in the amount Qp. 


Assumptions Kinetic and potential changes are negligible. 


Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 
as 


Energy balance: Ein — Eou = AE system > Qo +Or -W =U, -U;, ——>W=U, -U2 +00 +Opr (1) 
E . — -Qr _ -Qo 
ntropy balance: Sin — Sout + Sgen =ASsystem > Sgen = (S2 —S1)+ + (2) 
Tr To 

Solving for Qo from (2) and substituting in (1) yields 

To 

W=(U, Uy) Ty (Sj S2) Or 1 T ToS gen 
R 

The useful work relation for a closed system is obtained from Or 


W, =W- W surr 


T 
=U, U3) To (Sj S2) ofi z) ToS gen R (V v) 
R 


Then the reversible work relation is obtained by substituting Sgen = 0, 


T, 
Wow = (U1 -U3)-To (S1 -83)+ P) (V, -V) o4(1 
R 


A positive result for W,., indicates work output, and a negative result work input. Also, the Qa is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-144 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a steady-flow system 
that exchanges heat with surroundings at To at a rate of Ò as well as a heat reservoir at temperature 7p in the amount 
Qr . 

Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 


the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 
as 


Energy balance: Én -Ë yut SÄE i > Ein = Ë ut 
; ° . v2 V2 
Qo +O -W =È te (he ++ 82-)— X th; (hi + + gz) i 
y2 y2 l l System 
or W =X (hi +——+ 8z) -E elhe + 5 +2Z.)+Qo+Qpr (1) f 


Entropy balance: 


Sin =S Git HS pen = AS system =0 


Sgen = Sout ~ Sia 
Si de ea e (2) 
Tr Tp 


Solving for Ò from (2) and substituting in (1) yields 


Ve . V? . : Ty 
W =X m; (h; +——+ 8z; —Tos:) =} me (he +— + Ze Tose) ToS gen Qp| 1 a 


Then the reversible work relation is obtained by substituting Sgen = 0, 


se. ge bes Ue ae 
Wry = LM; (h; + 2 + 82; Tos;) Ème (he + 2 + gz, Tose) Or 1 


A positive result for W,., indicates work output, and a negative result work input. Also, the Qpr is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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8-145 Writing energy and entropy balances, a relation for the reversible work is to be obtained for a uniform-flow system 
that exchanges heat with surroundings at To in the amount of Qo as well as a heat reservoir at temperature Tp in the amount 


Op. 


Assumptions Kinetic and potential changes are negligible. 


Analysis We take the direction of heat transfers to be to the system (heat input) and the direction of work transfer to be 
from the system (work output). The result obtained is still general since quantities wit opposite directions can be handled 
the same way by using negative signs. The energy and entropy balances for this stationary closed system can be expressed 
as 


Energy balance: Ein — Boy = AE system 


2 


y? 4 
Qo + On -W =} m,(h, +t 80) -2 m; (h; i 5 +9z;)+(U,-U))., 


y? y? 
or, W=} m;(h; +- +8z;)- E melh + 3 +82ze)—- (U2 -Ui)»v+Q0+0rRr (1) 


Entropy balance: S;, —S 


out 


+ Sgen = AS, 


system 
Sgen E S i a (2) 
Tr To 


Solving for Qo from (2) and substituting in (1) yields 


y? y? 
W =} m;(h; + 5 + 97; ToS; ) Lme(he +——+ Ke -Tos.) 


T, 
HU, -U2)-T0 6S1 - 82] -ToS gen oli z) A 
R 


The useful work relation for a closed system is obtained from 


y? V? 
W, =W -Wur = Lm; (h; + 3 + 97; Tos;) Lm (he +——+ 8Ze — Tose) 


T, 
HU, -U2)-To(Si -S2) ey -ToS gen ofi m) PUV, -V)) 
R 


Then the reversible work relation is obtained by substituting Sgen = 0, 


y? V2 
Weoy = 2m (hj ++ 8% —Tys;)-Xim,(h, + 5 +82Ze Tose) 


T, 
+U; -U2)-To (S1 - S2) + Po, v), oli a) 
R 


A positive result for W,., indicates work output, and a negative result work input. Also, the Qp is a positive quantity for heat 
transfer to the system, and a negative quantity for heat transfer from the system. 
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Fundamentals of Engineering (FE) Exam Problems 


8-146 Heat is lost through a plane wall steadily at a rate of 800 W. If the inner and outer surface temperatures of the wall 
are 20°C and 5°C, respectively, and the environment temperature is 0°C, the rate of exergy destruction within the wall is 


(a) 40 W (b) 17,500 W (c) 765 W (d) 32,800 W (e)0 W 
Answer (a) 40 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q=800 "W" 

T1=20 "C" 

T2=5 "C" 

To=0 "C" 

"Entropy balance S_in-S_out+S_gen=DS_system for the wall for steady operation gives" 
Q/(T14+273)-Q/(T2+273)+S_gen=0 "W/K" 

X_dest=(T0+273)*S_gen "W" 


"Some Wrong Solutions with Common Mistakes:" 

Q/T1-Q/T2+Sgen1=0; W1_Xdest=(To+273)*Sgen1 "Using C instead of K in Sgen" 
Sgen2=Q/((T1+T2)/2); W2_Xdest=(To+273)*Sgen2 "Using avegage temperature in C for Sgen" 
Sgen3=Q/((T1+T2)/2+273); W3_Xdest=(To+273)*Sgen3 "Using avegage temperature in K" 
W4_Xdest=To*S_gen "Using C for To" 


8-147 Liquid water enters an adiabatic piping system at 15°C at a rate of 3 kg/s. It is observed that the water temperature 
rises by 0.3°C in the pipe due to friction. If the environment temperature is also 15°C, the rate of exergy destruction in the 
pipe is 

(a) 3.8 kW (b) 24 kW (c) 72 kW (d) 98 kW (e) 124 kW 
Answer (a) 3.8 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp=4.18 "kJ/kg.K" 

m=3 "kg/s" 

T1=15 "C" 

T2=15.3 "C" 

To=15 "C" 
S_gen=m*Cp*in((T2+273)/(T1+273)) "kW/K" 
X_dest=(T0+273)*S_gen "kW" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Xdest=(To+273)*m*Cp*in(T2/T1) "Using deg. C in Sgen" 
W2_Xdest=To*m*Cp*In(T2/T1) "Using deg. C in Sgen and To" 
W3_Xdest=(T0+273)*Cp*in(T2/T1) "Not using mass flow rate with deg. C" 
W4_Xdest=(T0+273)*Cp*In((T2+273)/(T1+273)) "Not using mass flow rate with K" 
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8-148 A heat engine receives heat from a source at 1500 K at a rate of 600 kJ/s and rejects the waste heat to a sink at 300 K. 
If the power output of the engine is 400 kW, the second-law efficiency of this heat engine is 


(a) 42% (b) 53% (c) 83% (d) 67% (e) 80% 
Answer (c) 83% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Qin=600 "kJ/s" 
W=400 "kW" 

TL=300 "K" 

TH=1500 "K" 
Eta_rev=1-TL/TH 
Eta_th=W/Qin 
Eta_ll=Eta_th/Eta_rev 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eta_Il=Eta_th1/Eta_rev; Eta_th1=1-W/Qin "Using wrong relation for thermal efficiency" 
W2_Eta_ll=Eta_th "Taking second-law efficiency to be thermal efficiency" 
W3_Eta_ll=Eta_rev "Taking second-law efficiency to be reversible efficiency" 
W4_Eta_ll=Eta_th*Eta_rev "Multiplying thermal and reversible efficiencies instead of dividing" 


8-149 A water reservoir contains 100 tons of water at an average elevation of 60 m. The maximum amount of electric 
power that can be generated from this water is 


(a) 8 kWh (b) 16 kWh (c) 1630 kWh (d) 16,300 kWh (e) 58,800 kWh 
Answer (b) 16kWh 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=100000 "kg" 

h=60 "m" 

g=9.81 "m/s^2" 

"Maximum power is simply the potential energy change," 
W_max=m*g*h/1000 "kJ" 

W_max_kWh=W_max/3600 "kWh" 


"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax =m*g*h/3600 "Not using the conversion factor 1000" 
W2_Wmax =m*g*h/1000 "Obtaining the result in kJ instead of kWh" 
W3_Wmax =m*g*h*3.6/1000 "Using worng conversion factor" 
W4_Wmax =m*h/3600"Not using g and the factor 1000 in calculations" 
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8-150 A house is maintained at 21°C in winter by electric resistance heaters. If the outdoor temperature is 9°C, the second- 
law efficiency of the resistance heaters is 


(a) 0% (b) 4.1% (c) 5.7% (d) 25% (e) 100% 
Answer (b) 4.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=9+273 "K" 
TH=21+273 "K" 
To=TL 
COP_rev=TH/(TH-TL) 
COP=1 
Eta_II=COP/COP_rev 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eta_II=COP/COP_rev1; COP_rev1=TL/(TH-TL) "Using wrong relation for COP_rev" 
W2_Eta_Il=1-(TL-273)/(TH-273) "Taking second-law efficiency to be reversible thermal efficiency with C for 
temp" 

W3_Eta_II=COP_rev "Taking second-law efficiency to be reversible COP" 

W4_Eta_II=COP_rev2/COP; COP_rev2=(TL-273)/(TH-TL) "Using C in COP_rev relation instead of K, and 
reversing" 


8-151 A 10-kg solid whose specific heat is 2.8 kJ/kg.°C is at a uniform temperature of -10°C. For an environment 
temperature of 25°C, the exergy content of this solid is 


(a) Less than zero (b) OKJ (c) 22.3 kJ (d) 62.5 kJ (e) 980 kJ 
Answer (d) 62.5 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=10 "kg" 

Cp=2.8 "kJ/kg.K" 

T1=-10+273 "K" 

To=25+273 "K" 

"Exergy content of a fixed mass is x1=u1-u0-To0*(S1-so)+Po*(v1-vo)" 
ex=m*(Cp*(T1-To)-To*Cp*in(T1/To)) 


"Some Wrong Solutions with Common Mistakes:" 

W1_ex=m*Cp*(To-T1) "Taking the energy content as the exergy content" 
W2_ex=m*(Cp*(T1-To)+To*Cp*In(T1/To)) "Using + for the second term instead of -" 
W3_ex=Cp*(T1-To)-To*Cp*In(T1/To) "Using exergy content per unit mass" 
W4_ex=0 "Taking the exergy content to be zero" 
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8-151 
8-152 Keeping the limitations imposed by the second-law of thermodynamics in mind, choose the wrong statement below: 


(a) A heat engine cannot have a thermal efficiency of 100%. 

(b) For all reversible processes, the second-law efficiency is 100%. 

(c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 

(d) The second-law efficiency of a process is 100% if no entropy is generated during that process. 
(e) The coefficient of performance of a refrigerator can be greater than 1. 


Answer (c) The second-law efficiency of a heat engine cannot be greater than its thermal efficiency. 


8-153 A furnace can supply heat steadily at a 1300 K at a rate of 500 kJ/s. The maximum amount of power that can be 
produced by using the heat supplied by this furnace in an environment at 300 K is 


(a) 115 kW (b) 192 kW (c) 385 kW (d) 500 kW (e) 650 kW 
Answer (c) 385 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Q _in=500 "kJ/s" 

TL=300 "K" 

TH=1300 "K" 
W_max=Q_in*(1-TL/TH) "kW" 


"Some Wrong Solutions with Common Mistakes:" 

W1_Wmax=W_max/2 "Taking half of Wmax" 

W2_Wmax=Q_in/(1-TL/TH) "Dividing by efficiency instead of multiplying by it" 
W3_Wmax =Q_in*TL/TH "Using wrong relation" 

W4_Wmax=Q_in "Assuming entire heat input is converted to work" 
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8-154 Air is throttled from 50°C and 800 kPa to a pressure of 200 kPa at a rate of 0.5 kg/s in an environment at 25°C. The 
change in kinetic energy is negligible, and no heat transfer occurs during the process. The power potential wasted during 
this process is 


(a) 0 (b) 0.20 kW (c) 47 kW (d) 59 kW (e) 119 kW 
Answer (d) 59 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


R=0.287 "kJ/kg.K" 

Cp=1.005 "kJ/kg.K" 

m=0.5 "kg/s" 

T1=50+273 "K" 

P1=800 "kPa" 

To=25 "C" 

P2=200 "kPa" 

"Temperature of an ideal gas remains constant during throttling since h=const and h=h(T)" 
T2=T1 
ds=Cp*In(T2/T1)-R*In(P2/P1) 
X_dest=(To+273)*m*ds "kW" 


"Some Wrong Solutions with Common Mistakes:" 
W1_dest=0 "Assuming no loss" 
W2_dest=(To+273)*ds "Not using mass flow rate" 
W3_dest=To*m*ds "Using C for To instead of K" 
W4_dest=m*(P1-P2) "Using wrong relations" 
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8-155 Steam enters a turbine steadily at 4 MPa and 400°C and exits at 0.2 MPa and 150°C in an environment at 25°C. The 
decrease in the exergy of the steam as it flows through the turbine is 


(a) 58 kJ/kg (b) 445 kJ/kg (c) 458 kJ/kg (d) 518 kJ/kg (e) 597 kJ/kg 
Answer (e) 597 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=4000 "kPa" 

T1=400 "C" 

P2=200 "kPa" 

T2=150 "C" 

To=25 "C" 
h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
si=ENTROPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 
s2=ENTROPY(Steam_IAPWS,T=T2,P=P2) 
"Exergy change of s fluid stream is Dx=h2-h1-To(s2-s1)" 
-Dx=h2-h1-(T0+273)*(S2-s1) 


"Some Wrong Solutions with Common Mistakes:" 

-W1_Dx=0 "Assuming no exergy destruction" 

-W2_Dx=h2-h1 "Using enthalpy change" 

-W3_Dx=h2-h1-To*(s2-s1) “Using C for To instead of K" 
-W4_Dx=(h2+(T2+273)*s2)-(h1+(T1+273)*s1) "Using wrong relations for exergy" 


8- 156 ... 8- 160 Design and Essay Problems 
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Chapter 9 
GAS POWER CYCLES 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


Actual and Ideal Cycles, Carnot cycle, Air-Standard Assumptions, Reciprocating Engines 


9-1C It is less than the thermal efficiency of a Carnot cycle. 


9-2C It represents the net work on both diagrams. 


9-3C The air standard assumptions are: (1) the working fluid is air which behaves as an ideal gas, (2) all the processes are 
internally reversible, (3) the combustion process is replaced by the heat addition process, and (4) the exhaust process is 
replaced by the heat rejection process which returns the working fluid to its original state. 


9-4C The cold air standard assumptions involves the additional assumption that air can be treated as an ideal gas with 
constant specific heats at room temperature. 


9-5C The clearance volume is the minimum volume formed in the cylinder whereas the displacement volume is the volume 
displaced by the piston as the piston moves between the top dead center and the bottom dead center. 


9-6C It is the ratio of the maximum to minimum volumes in the cylinder. 


9-7C The MEP is the fictitious pressure which, if acted on the piston during the entire power stroke, would produce the 
same amount of net work as that produced during the actual cycle. 


9-8C Yes. 


9-9C Assuming no accumulation of carbon deposits on the piston face, the compression ratio will remain the same 
(otherwise it will increase). The mean effective pressure, on the other hand, will decrease as a car gets older as a result of 
wear and tear. 


9-10C The SI and CI engines differ from each other in the way combustion is initiated; by a spark in SI engines, and by 
compressing the air above the self-ignition temperature of the fuel in CI engines. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-3 


9-11C Stroke is the distance between the TDC and the BDC, bore is the diameter of the cylinder, TDC is the position of 
the piston when it forms the smallest volume in the cylinder, and clearance volume is the minimum volume formed in the 
cylinder. 


9-12E The maximum possible thermal efficiency of a gas power cycle with specified reservoirs is to be determined. 
Analysis The maximum efficiency this cycle can have is 
T; 1 (40+ 460) R 


ees = 0.643 
77 th,Carnot Ta (940+ 460) R 
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9-13 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be 
sketcehed on the P-vand T-s diagrams and the back work ratio are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air are given as R = 0.287 kPa‘m*/kg:K, Cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, and k= 
1.4. 


Analysis (a) The P-v and T-s diagrams of the cycle are shown in the figures. 
(b) Process 1-2: Isentropic compression 


Wi-2in =e, (T, -T,) 


k-1 P 
Uy k-1 
T= n({ 2 =Tr 2 3 
Process 2-3: Constant pressure heat addition 
f 1 
W2-3,out = f Pav = P, (V; - V2) =mR(T3 -T2) 
V 
The back work ratio is 
_ Wizi _ mce, -T,) T 
"hw 
Wo-30u MRT; -T3) 3 
Noting that 2 
c 
R=c,-c, and k=— and thus, c, a 
Cy k-1 
À . 1 
From ideal gas relation, s 


Substituting these into back work relation, 


R 1T, (-T,/T,) 


Thy = 
k-1RT, i IT, —1) 


ad La (l-r) 


k-1 r-1 
ol zi =) 
14-1 6-1 
= 0.256 
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9-14 The three processes of an air-standard cycle are described. The cycle is to be shown on the P-v and T-s diagrams, and 
the back work ratio and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air are given as R = 0.287 kJ/kg.K, cp = 1.005 kJ/kg.K, cy = 0.718 kJ/kg-K, and 
k= 1.4. 

Analysis (a) The P-v and T-s diagrams of the cycle are shown in the figures. 

(b) The temperature at state 2 is 


P. 
— = (300 oe =2100K 


T, =T = 
AP 100 kPa 


T =T, = 2100 K 


During process 1-3, we have 


l P 
W3-1,in = [ Pav =-P (V, -V⁄3)=-R(T, - T3) 
3 
= —(0.287 kJ/kg - K)(300 — 2100)K = 516.6 kJ/kg 2 
During process 2-3, we have 
f RT v. 7V. 1 i 
W2-sou = | Pav=f dv=RTIn—-=RTIn—2 =RT In7 A 
; i 5 V V V, 
= (0.287 kJ/kg - K)(2100)Kln7 =1172.8 kJ/kg 
The back work ratio is then T 
W34,in 516.6 kJ/kg 
Tow = j 2 3 
Wo 30 1172.8 kJ/kg 
Heat input is determined from an energy balance on the cycle during 
process 1-3, 
1 
1-3,in — W2-3,0ur = AU 3 x 


q1-3,in 7 = AUy_3 + W2-3,out 
=c, (T3 — T1) + W2-3,out 
= (0.718 kJ/kg - K)(2100 — 300) + 1172.8 kJ/kg 
= 2465 kJ/kg 


The net work output is 


Wnet = W2-3,out — W3-1,in = 1172.8 — 516.6 = 656.2 kJ/kg 
(c) The thermal efficiency is then 


Wnet _ 656.2 kJ 


= = 0.266 = 26.6% 
din 2465kJ 


Tin = 
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9-15 The three processes of an ideal gas power cycle are described. The cycle is to be shown on the P-vand T-s diagrams, 
and the maximum temperature, expansion and compression works, and thermal efficiency are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 The ideal gas has constant specific heats. 
Properties The properties of ideal gas are given as R = 0.3 kJ/kg.K, cp = 0.9 kJ/kg.K, c, = 0.6 kJ/kg-K, and 
k= 1.5. 

Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures. 


(b) The maximum temperature is determined from 


k-l P 
Y, 
Tmax =T» = n4) =T,r*" = (27 + 273K)(6)'? | =734.8 K 
V J 
(c) An energy balance during process 2-3 gives 
; 3 
q2-3,in 7 W2-3,0ut = AU 2-3 = C, (T3 - T})=0 since T3 =T, 
q2-3,in = W2-3,0ut 1 
V 
Then, the work of compression is 
3 3 
V. 
daan =W2-aou = | Pav = [E dv= RT, In—-= RT, lnr $ 
i i 5 4 V V, 
= (0.3 kJ/kg - K)(734.8 K)In6 = 395.0 kJ/kg 2 3 
(d) The work during isentropic compression is determined from an energy 
balance during process 1-2: 
Wy_2,in = AUi =C, (T, —T)) 1 Š 


= (0.6 kJ/kg : K)(734.8 — 300) 
= 260.9 kJ/kg 


(e) Net work output is 


Wnet = Wo-3,0ut — W1-2,in = 395.0 — 260.9 = 134.1 kJ/kg 


The thermal efficiency is then 


ma = Wet = 1341k _ 9.339 = 33.9% 


din 395.0kJ 
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9-7 
9-16 The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and the 
net work output and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17. 
Analysis (b) The properties of air at various states are 


h, = 295.17 kJ/kg 
T, = 295 K—> 


P, =1.3068 
P 600 kP u, = 352.29 kI/k 
P, =p = è (1.3068) =7.841 —> ” Š 
2 P, ” 100kPa T, = 490.3 K 
u, =1205.41 kJ/kg 5 
T, =150K —> p 601.9 
Pv, P. T. 
W P ypa apa 800K (609 kpa)=18336 kPa 
i T T, ? 490.3K 
P 100 kP 
P, =p = è (601.9) =32.79 —> h, = 739.71KJ/kg 
4 P, ™ 1835.6 kPa 
From energy balances, 
qn =U3 — u, =1205.41 — 352.29 = 853.1 kJ/kg 
S 


out = hy — hy = 739.71 — 295.17 = 444.5 kJ/kg 


Wretout = Win ~ Four = 853.1 — 444.5 = 408.6 kJ/kg 


(c) Then the thermal efficiency becomes 


w 


net,out 408.6 kJ/kg = 0.479 = 47.9% 


Tho 853.1 ki/ke 
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EES 
9-17 Problem 9-16 is reconsidered. The effect of the maximum temperature of the cycle on the net work output and 
thermal efficiency is to be investigated. Also, T-s and P- v diagrams for the cycle are to be plotted. 


Analysis Using EES, the problem is solved as follows: 


"Input Data" 
T[1]=295 [K] 
P[1]=100 [kPa] 
P[2] = 600 [kPa] 
T[3]=1500 [K] 
P[4] = 100 [kPa] 


"Process 1-2 is isentropic compression" 
s[1]=entropy(air, T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 
P[2]*v[2\/T[2]=P[1]*v[1]/T[1] 
P[1]*v[1J=R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2" 
q_12 -w_12 = DELTAu_12 

q_12 =O"isentropic process" 
DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1]) 


"Process 2-3 is constant volume heat addition" 
s[3]=entropy(air, T=T[3], P=P[3]) 
{P[3}*v[3)/T[3]=P[2]}*v[2)/T[2]} 

P[3]*v[3]J=R*T[3] 

v[3]=v[2] 

"Conservation of energy for process 2 to 3" 

q_23 -w_23 = DELTAu_23 

w_23 =0"constant volume process" 
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2]) 
"Process 3-4 is isentropic expansion" 

s[4]=entropy(air, T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=0.287*T[4]} 

"Conservation of energy for process 3 to 4" 

g_34 -w_34 = DELTAu_34 

q_34 =0"isentropic process" 

DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3]) 


"Process 4-1 is constant pressure heat rejection" 
{P[4]*v[4]/T[4]=P[1]*v[1)/T[1]} 

"Conservation of energy for process 4 to 1" 

q_41 -w_41 = DELTAu_41 

w_41 =P[1]*(v[1]-v[4]) "constant pressure process" 
DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4]) 
q_in_total=q_23 


w_net = w_12+w_23+w_34+w_41 
Eta_th=w_net/q_in_total*100 "Thermal efficiency, in percent" 
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T3 Nth Gin, total Whet 

[K] [kJ/kg] [kJ/kg] 
1500 47.91 852.9 408.6 
1600 48.31 945.7 456.9 
1700 48.68 1040 506.1 
1800 49.03 1134 556 
1900 49.35 1229 606.7 
2000 49.66 1325 658.1 
2100 49.95 1422 710.5 
2200 50.22 1519 763 
2300 50.48 1617 816.1 
2400 50.72 1715 869.8 
2500 50.95 1813 924 
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Wnet [kJ/kg] 


P [kPa] 
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9-10 


9-11 


9-18 The three processes of an air-standard cycle are described. The cycle is to be shown on P-v and T-s diagrams, and the 
heat rejected and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg.K, cy = 0.718 kJ/kg:K, and k= 1.4 (Table A- 
2). 


Analysis (b) The temperature at state 2 and the heat input are 


P, (k-1)/k 1000 kPa 0.4/1.4 
T, =T,| 2 = (300 K) ———— =579.2 K 
P, 100 kPa 


Qin = m(h; -h,)= mc (T; -T,) 
2.76 kJ = (0.004 kg \1.005 kJ/kg - K T, —579.2) —> T; =1266 K 


Process 3-1 is a straight line on the P-v diagram, thus the w3, is 
simply the area under the process curve, 


P; +P, P;+P,(RT, RTs 
(v V3 ) = : 
2 2 (P R 


E = +100 kPa J 300K 1266K 


W3; = area = 


2 100 kPa 1000 kPa 
= 273.7 kJ/kg 


J207 kJ/kg- K) 


Energy balance for process 3-1 gives 


En ~ E out = AE system 


Q31out = —™W31 ont “MC, (T, —T3) = = mlws1 ou +¢,(,-T, J 
= —(0.004 kg)|273.7 + (0.718 kJ/kg - K)(300 -1266)K | = 1.679 kJ 


— -Q31 out ~ W31,out = My — U3) 


(c) The thermal efficiency is then 


Qai q- 1.679 KI 
Qn 2.76 kJ 


in =1 = 39.2% 
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9-12 
9-19E The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and 
the total heat input and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17E. 


Analysis (b) The properties of air at various states are 


T, =540 R —>u; =92.04 Btu/lbm, h, =129.06 Btu/lbm 


Uy =U, + ino = 92.04+ 300 = 392.04 Btu/Ibm 


; =U, —-U 
din12 U2 =U; T, =2116R, h, =537.1 Btu/lbm 


Pv, P T. 2116 R 
2v2. A _,p =2p-= (14.7 psia) =57.6 psia 
tT T, | 540R 
h; = 849.48 Btu/lbm 
T, =320R —> p 1242 
P 14.7 psi 
p, =p = P% (1949) = 317.0 —> h, = 593.22 Btu/lbm 
4 P ° 57.6 psia 
From energy balance, 
$ 


q23in = ha — h =849.48 -537.1 = 312.38 Btu/Ibm 
qin = qizin +q23in = 300 + 312.38 = 612.38 Btu/lbm 
dom = h4 —h; = 593.22 -129.06 = 464.16 Btu/lbm 


(c) Then the thermal efficiency becomes 


dou 1 464.16Btu/lbm _ 
din 612.38Btu/Ibm 


Nin =1 24.2% 
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9-13 
9-20E The four processes of an air-standard cycle are described. The cycle is to be shown on P-vand T-s diagrams, and 
the total heat input and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm.R, c, = 0.171 Btu/lbm.R, and k = 1.4 (Table 
A-2E). 


Analysis (b) The temperature at state 2 and the heat input are 


din12 =U2 —Uy = ce, (T, T,) 
300 Btu/lbm = (0.171 Btu/lbm.R \T, —540)R 


T, =2294 R 
P. P T. 2294 R 
242 iM > P, =P = (14.7 psia)= 62.46 psia 
T, T, T, 540 R v 
qm23 = hy — h, = cp (T; —T> )= (0.24 Btu/lbm - R {3200 — 2294)R = 217.4 Btu/lbm 
Process 3-4 is isentropic: 
P (k-1)/k 147 psia 0.4/1.4 
. 1 
T, =T;| = = (3200 R psi =2117 R 
P, 62.46 psia 
qin = qin,12 + qin23 = 300 + 217.4 = 517.4 Btu/lbm 
dou = h4 —hy = c „(T4 -T,) = (0.240 Btu/Ibm.R {2117 - 540) = 378.5 Btu/Ibm 
S 


(c) The thermal efficiency is then 


Gout 1 378.5 Btu/lbm 
din 517.4 Btu/lbm 


= 26.8% 


Mn =1 
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9-14 
9-21 A Carnot cycle with the specified temperature limits is considered. The net work output per cycle is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg.K, and 
k = 1.4 (Table A-2). 


Analysis The minimum pressure in the cycle is P3 and the maximum pressure is P4. Then, 


(k-1)/k 
22) T g 
T3 P; 110 p 


or 


T k/(k-1) 1100 K 1.4/0.4 
P, = af 2 | =(20 Kral = ) =1888 kPa 


300-7 4 
The heat input is determined from 


Kal) 
T. P 
S -sı =cpln=> -RIn— = -(0.287 kJ/kg - Qe = 0.1329 kJ/kg -K 
T, P, 3000 kPa 


Qin =mTy (sy — sı )= (0.6 kg {1100 K (0.1329 kJ/kg - K)=87.73 kJ 


Then, 


T 300 K 
Ny =1- = =1 = 0.7273 = 72.7% 
Ty 1100 K 


= Nn Qin = (0.7273\87.73 kJ) = 63.8 kJ 


W, 


net,out 
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9-15 


9-22 A Carnot cycle executed in a closed system with air as the working fluid is considered. The minimum pressure in the 
cycle, the heat rejection from the cycle, the thermal efficiency of the cycle, and the second-law efficiency of an actual cycle 
operating between the same temperature limits are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 
Properties The properties of air at room temperatures are R = 0.287 kJ/kg.K and k= 1.4 (Table A-2). 


Analysis (a) The minimum temperature is determined from 


Wnet = (s3 — 81 Tu —T, )——>100 kJ/kg = (0.25 kJ/kg -K)(750 - T, JK —>T,, = 350K 


The pressure at state 4 is determined from 


T, (2 (k-1)/k 
T, P, 


750 K+ 1 
k/(k-1) 
or T, 
P, = P| = 
T; 
750 KA 
800 kPa = P, — P, =110.1kPa 
350 K 
The minimum pressure in the cycle is determined from S 
20 P 
AS; =—ASx4 =c, n= -—Rin— 
12 34 =Cp Ti P, 
110.1 kP 
-0.25 KJ/kg -K = ~(0.287 kJ/kg: Kin — “ — P, = 46.1kPa 


3 
(b) The heat rejection from the cycle is 

dour = TL ASy2 = (350 K)(0.25 kJ/kg.K) = 87.5 kJ/kg 
(c) The thermal efficiency is determined from 


T, _, 350K 
Ts 750 K 


= 0.533 


Mn =1 


(d) The power output for the Carnot cycle is 
Weamot = MWpet = (90 kg/s)(100 kJ/kg) = 9000 kw 


Then, the second-law efficiency of the actual cycle becomes 


Wacwat _ S200kW _ o 
9000 kw 


My = 578 


Weamot 
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9-16 


9-23 An ideal gas Carnot cycle with air as the working fluid is considered. The maximum temperature of the low- 
temperature energy reservoir, the cycle's thermal efficiency, and the amount of heat that must be supplied per cycle are to 
be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, cy = 0.718 kJ/kg:K, and k= 1.4 (Table A- 
2a). 


Analysis The temperature of the low-temperature reservoir can be found by applying the isentropic expansion process 
relation 


y k-1 1 1.4-1 
T,=T,|— | =(1027+273 5) = 481.1K 
vi 12 
Since the Carnot engine is completely reversible, its efficiency is 


Tr ABAK aad 


= 1= TP eee ee ee 
77 th,Carnot Ty (1027 +273)K 


The work output per cycle is 


net 


W, 
ao oN 500 kJ/s (E5) =20 tart 


n 1500 cycle/min | 1 min 


According to the definition of the cycle efficiency, 


W W 
ia >Q =: — = E 31.75 kJicycle 


Q in 1 th,Carnot 0.63 
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9-24 An air-standard cycle executed in a piston-cylinder system is composed of three specified processes. The cycle is to be 
sketcehed on the P-vand T-s diagrams; the heat and work interactions and the thermal efficiency of the cycle are to be 
determined; and an expression for thermal efficiency as functions of compression ratio and specific heat ratio is to be 
obtained. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air are given as R = 0.3 kJ/kg-K and c, = 0.3 kJ/kg-K. 


Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures. 


(b) Noting that 
Cp =C, + R =0.7 + 0.3 =1.0 kJ/kg- K P 
c 
ee a eoa 2 3 
cy 0.7 
Process 1-2: Isentropic compression 
k-1 1 
v 
T, = (4) =T,r*™ =(293K)(5)°*? =584.4K 
Vy V 
Wi-2in = €y (T3 -T,) = (0.7 kJ/kg -K)(584.4 — 293) K = 204.0 kJ/kg 
q2 =0 T 
From ideal gas relation, 5 3 
T: 
3 _ 73 YL Zp —T, = (584.4)(5) = 2922 
T, v v 
Process 2-3: Constant pressure heat addition 1 
s 


3 
W2-3,out = | Pav = P, (v; =v) = R(T; -T3) 
2 


= (0.3 kJ/kg -K)(2922 — 584.4) K = 701.3 kJ/kg 
2-3,in = W2-3,0ur + AU2_3 = Ahy_3 
=c „(T3 -T3 ) = AkJ/kg- K)(2922 - 584.4) K = 2338 kJ/kg 
Process 3-1: Constant volume heat rejection 
d3-1,0ur = AUy_3 = Cy(T3 —T,) = (0.7 kJ/kg - K)(2922 - 293) K = 1840.3 kJ/kg 
W3_, =0 
(c) Net work is 
Wnet = W2-3,out ~ Wi-2,in = 701.3— 204.0 = 497.3 kJ/kg -K 


The thermal efficiency is then 


Waet _ 497.3kJ 
qm  2338kJ 


= 0.213 = 21.3% 


1h = 
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(d) The expression for the cycle thermal efficiency is obtained as follows: 


Wet _ “2-3,0ut 7 W1-2,in 
Ih = = 
qin qin 
_ RU; -T2)-c, (T -T,) 
Cp (T3 -T2) 
R c, (Tr -T,) 
Cp cp(rTir* tre 1) 
T, 
c cre 1- i i 
R Tır 
Cy c Tir“ '(r-1) 
_R 1 oO D 
cp kr-D| Tr“ 
_R 1 1 1 
c, k(r-1) kal 
esha ee 1 1 
kj} k(r-1) rk 
since 
R — op 7 ey = _ Ly -1-1 
Cp Cp Cp k 
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9-18 


9-19 
Otto Cycle 


9-25C For actual four-stroke engines, the rpm is twice the number of thermodynamic cycles; for two-stroke engines, it is 
equal to the number of thermodynamic cycles. 


9-26C The ideal Otto cycle involves external irreversibilities, and thus it has a lower thermal efficiency. 


9-27C The four processes that make up the Otto cycle are (1) isentropic compression, (2) v = constant heat addition, (3) 
isentropic expansion, and (4) v = constant heat rejection. 


9-28C They are analyzed as closed system processes because no mass crosses the system boundaries during any of the 
processes. 


9-29C It increases with both of them. 


9-30C Because high compression ratios cause engine knock. 


9-31C The thermal efficiency will be the highest for argon because it has the highest specific heat ratio, k = 1.667. 


9-32C The fuel is injected into the cylinder in both engines, but it is ignited with a spark plug in gasoline engines. 
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9-33 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, c, = 0.718 kJ/kg-K, and k= 1.4 (Table A- 
2a). 


Analysis The definition of cycle thermal efficiency reduces to 


Gaga 1 
NES het 10.514 


7 = 0.6096 = 61.0% 


The rate of heat addition is then 


Wnet _ 90 kW 
Nn 0.6096 


=148 kw 


Qin = 


9-34 An ideal Otto cycle is considered. The thermal efficiency and the rate of heat input are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, c, = 0.718 kJ/kg-K, and k= 1.4 (Table A- 
2a). 
Analysis The definition of cycle thermal efficiency reduces to 


1 1 
== = 0, 
Ma = 1g =l- agg = 0.5752 = 87.5% 


The rate of heat addition is then 


>. W 
Qp, =W SOKW 157kW 
a 0.5752 
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9-21 


9-35 The two isentropic processes in an Otto cycle are replaced with polytropic processes. The heat added to and rejected 
from this cycle, and the cycle’s thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 kPa‘m*/kg-K, cp = 1.005 kJ/kg'K, c, = 0.718 kJ/kg'K, 
and k= 1.4 (Table A-2a). 


Analysis The temperature at the end of the compression is 
n-1 
Vv. 
T = nf) =T,r"* = (288 K)(8)"° =537.4K 
V5 
And the temperature at the end of the expansion is 


y n-1 1 n-1 1 1.3-1 
1-H 7 -1,(+) = 473k) 2) = 789.4K 


V4 


The integral of the work expression for the polytropic compression gives 


(8131 —1) = 238.6 kJ/kg 


Wi-2 


RT, T | | — (0.287 kJ/kg: K)Q288 K) 


n-1|l v5 1321 


Similarly, the work produced during the expansion is 


__ RTs | (05 GE __ (0.287 kJ/kg -K)(1473K) | (1 
Gg va a: a ëY e 


1.3-1 
) -1 | = 654.0 kJ/kg 


Application of the first law to each of the four processes gives 
qi-2 = W12 — Cy (T> -T,) = 238.6 kJ/kg — (0.718 kJ/kg : K)(537.4-— 288)K = 59.53 kJ/kg 
qz-3 = €, (T; -T ) = (0.718 kJ/kg - K)(1473-537.4)K = 671.8 kJ/kg 
qz3-4 = W3-4 — Cy (T; — T4) = 654.0 kJ/kg — (0.718 kJ/kg - K)(1473 — 789.4)K = 163.2 kJ/kg 
da = C, (T4 -T,) = (0.718 kJ/kg - K)(789.4 — 288)K = 360.0 kJ/kg 

The head added and rejected from the cycle are 


din = q2-3 + 93-4 = 671.8 +163.2 = 835.0 kJ/kg 
dom = qi-2 + q4 = 59.53 + 360.0 = 419.5 kJ/kg 


The thermal efficiency of this cycle is then 


Fou _ _ 419-5 _ 9 agg 


din 835.0 


Mn =1 
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9-36 An ideal Otto cycle is considered. The heat added to and rejected from this cycle, and the cycle’s thermal efficiency 
are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 kPa-m’/kg-K, cp = 1.005 kJ/kg'K, c, = 0.718 kJ/kg'K, 
and k= 1.4 (Table A-2a). 


Analysis The temperature at the end of the compression is 
k-1 
v 
T, = nf) =T,r*™ = (288 K)(8)*4 = 661.7 K 
V5 
and the temperature at the end of the expansion is 


7 k-1 1 k-1 1 1.4-1 
T, =T; (2) =T; (2) = (1473 A =641.2K 


V4 


Application of the first law to the heat addition process gives 
din = Cy (T; —T>) = (0.718 kJ/kg - K)(1473— 661.7)K = 582.5 kJ/kg 
Similarly, the heat rejected is 


dout = Cy (T4 —T,) = (0.718 kJ/kg - K)(641.2 — 288)K = 253.6 kJ/kg 
The thermal efficiency of this cycle is then 


nn =1- fot =1- 236 _ 0.565 
din 582.5 
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9-37E A six-cylinder, four-stroke, spark-ignition engine operating on the ideal Otto cycle is considered. The power 
produced by the engine is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R (Table A-1E), Cp = 0.240 Btu/lbm-R, 
cy = 0.171 Btu/Ilbm-R, and k= 1.4 (Table A-2Ea). 


Analysis From the data specified in the problem statement, 


Vv. v. P 3 
r=—+=—1 =7.143 
v, 014v kitts, A 
Since the compression and expansion processes are isentropic, 2 TE 1 
k-1 
T, = rÍ “1 = Tr = (525R)(7.143) ^ =1153R v 
Up 


7 k-1 1 k-1 1 1.4-1 
T, =T, 3 = al ) = (2060 DE =938.2R 
V4 r 7.143 


Application of the first law to the compression and expansion processes gives 


Wnet = Cy (T3 —Ty) — co (T2 -T,) 
= (0.171 Btu/Ibm - R)(2060 —938.2)R — (0.171 Btu/Ibm- R)(1153—525)R 
= 84.44 Btu/Ibm 


When each cylinder is charged with the air-fuel mixture, 


RT, (0. ia -ft?/Ibm- 
Ge (0.3704 psia - ft ee R)(525 R) -13.89 ft2/Ibm 
P, 14 psia 


The total air mass taken by all 6 cylinders when they are charged is 


AV 7B°S /4 7(3.5/12 ft)? (3.9/12 ft)/4 
=N y =(6) ( ) ( ) 


= 0.009380 Ibm 
Vv; A 13.89 ft?/Ibm 


m=N y 


The net work produced per cycle is 


Wet = MWpet = (0.009380 Ibm) (84.44 Btu/Ibm) = 0.7920 Btu/cycle 


net 


The power produced is determined from 


= 23.3 hp 


net 
N 


waz Wnet _ (0.7920 Btu/cycle)(2500/60 rev/s) 1hp 
0.7068 Btu/s 


y 2 rev/cycle 


since there are two revolutions per cycle in a four-stroke engine. 
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9-24 


9-38E An Otto cycle with non-isentropic compression and expansion processes is considered. The thermal efficiency, the 
heat addition, and the mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R (Table A-1E), Cp = 0.240 Btu/lbm-R, 
cy = 0.171 Btu/Ibm-R, and k= 1.4 (Table A-2Ea). 


Analysis We begin by determining the temperatures of the cycle 
states using the process equations and component efficiencies. The 
ideal temperature at the end of the compression is then 


k-1 
T,, = nf < ) =T,r*™ =(520R)(8)'** =1195R 
2 


With the isentropic compression efficiency, the actual temperature at 
the end of the compression is 


T,, -T T,, -T 1195-520) R 
n = ==- >T, =T, + LE (S20 R) 4 UE iR 
T-T, 7] 
Similarly for the expansion, 
k-1 k-1 1.4-1 
V3 1 1 
Ty, =T3 = al = (2300 + 460 efi) =1201R 
V4 r 8 
PT; 
n= LT >T, =T; -n (T3 — T4; ) = (2760 R) - (0.95)(2760 —1201) R =1279 R 
37 44s 


The specific heat addition is that of process 2-3, 
din = Cy (T; —T>) = (0.171 Btu/Ibm- R)(2760 —1314)R = 247.3 Btullbm 


The net work production is the difference between the work produced by the expansion and that used by the compression, 


Wnet = Cy 73-1) -c (T2 — 1h) 
= (0.171 Btu/lbm - R)(2760 -1279)R — (0.171 Btu/Ibm - R)(1314—520)R 
= 117.5 Btu/Ilbm 


The thermal efficiency of this cycle is then 


Wnet _ 117.5 Btu/lbm _ 
qin 247.3 Btu/lbm 


in = 0.475 


At the beginning of compression, the maximum specific volume of this cycle is 


RT, (0. ia -ft?/lbm- 
PEA (0.3704 psia - ft Mia R)(520 R) -14.82 ft?/lbm 
P, 13 psia 


while the minimum specific volume of the cycle occurs at the end of the compression 


3 
v=- a fom _ 1852 t3bm 
r 


The engine’s mean effective pressure is then 


MEP =~ 


V —=V,  (14.82—1.852) ft?/bm 


117.5 Btu/lbm 5.404 psia - ft? 
1Btu 


= 49.0 psia 
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9-25 


9-39 An ideal Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature 
in the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c,= 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 


k-1 
T, = nf) = (308 K\(9.5)°* = 757.9 K 
2 


Pv, P T 757.9 K 
DY iYi _, p, - “1 2 p = (9.5) "=~ |(100 kPa)= 2338 kPa 
T T v, T, 308 K 


Process 3-4: isentropic expansion. 


k-1 
T; =T, (e = (800 K\9.5)°* = 1969 K 
3 


Process 2-3: v= constant heat addition. 


P. P T 1969 K 
Dus iY L, p, = p, =| ~~~ |(2338 kPa)=6072 kPa 
T, T, T, 757.9 K 
PV 100 kPa 0.0006 m° 
b) m=- (100 kPa) m) 6.788x10~+ ke 


RT, (0.287 kPa -m?/kg -K X308 K) 
Qin = mlu; -u, )= mc, (T; -T, )= (6.788x10~ kg\0.718 kJ/kg -K (1969 —757.9)K = 0.590 kJ 
(c) Process 4-1: v= constant heat rejection. 


Qou = M(u4 —u,) = mc, (T, -T,)=-(6.788x10~ kg 0.718 kJ/kg- K (800 - 308)K = 0.240 kJ 


Wnet = Qin — Qout = 0-590 — 0.240 = 0.350 kJ 


Wretout _ 0.350 kJ 


= =~ =59.4% 
TO. 0590 
V, 
(d) Vinin = V =Z 
r 
MEP = Wretout rf, Wretout = 0.350 kJ kPa. m? -652 kPa 
V-V, V,(1-1/r) (0.0006 m?\1-1/9.5)\_ KJ 
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9-26 
9-40 An Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature in 
the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with constant P 
specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, 
Cy = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and k= 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 


k-1 
t= (4) = (308 K\9.5)°* = 757.9 K 
2 


> P, 
308 K 


Pav) Pv oun P, =(05 757.9 K 
T T; v Ti 


Jeo kPa) = 2338 kPa 
Process 3-4: polytropic expansion. 
n-A% ____ (100 kPa}(0.0006 m° ) 
RT, (0.287 kPa -m?/kg -K X308 K) 


= 6.78810 kg 


n-1 
T, = n 24 = (800 K\9.5)°*° =1759 K 
3 


_ mR(T,-T3) _ (.788x10~4 \o.287 kJ/kg -K (800 -1759)K 


Wo4 = 0.5338 kJ 
1-n 1-1.35 
Then energy balance for process 3-4 gives 
Ein = E out = AE system 


Q34,in ~ W34,out = m(u, = uz) 
Q3a,in = m(u4 -uz )+ W34,ou = MC, (T, -T3 )+ W34,out 
C= (6.788 x10~4 kg\0.718 kJ/kg -K)(800 -1759)K + 0.5338 kJ = 0.0664 kJ 
That is, 0.066 kJ of heat is added to the air during the expansion process (This is not realistic, and probably is due to 
assuming constant specific heats at room temperature). 
(b) Process 2-3: v= constant heat addition. 
Pv, Pv, T; | 1759 K 
= P, = 


> P; = 
Too E AoT 757.9 K 


Jesss kPa)= 5426 kPa 


Qo3in = m(u; Zu )= mC, (T, -T,) 
Qzz,in = (6.788x10~4 kg\0.718 kJ/kg - K {1759 — 757.9)K = 0.4879 kJ 
Therefore, Qin = Q23in + Q34in = 0.4879 + 0.0664 = 0.5543 kJ 
(c) Process 4-1: v= constant heat rejection. 
Qou = mu, —u,)=me,(T, -T,)= (6.788 10 kg{0.718 kJ/kg- K {800 -308)K = 0.2398 kJ 
Wretout = Qin ~ Qour = 0.5543 — 0.2398 = 0.3145 kJ 


Wretout _ 0.3145 kJ 


= => * = 56.7% 
Te oa oSA 
v 
(d) Vinin = V = rs 
ep = Weetout _ Whero _ 0.3145 kJ kPa-m®? )_ 586 kPa 
V-V, Y(1-1/r) (0.0006 m?\1-1/9.5)\ KJ 
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9-27 


9-41E An ideal Otto cycle with air as the working fluid has a compression ratio of 8. The amount of heat transferred to the 
air during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating between 
the same temperature limits are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with variable 
specific heats. 


Properties The properties of air are given in Table A-17E. 
Analysis (a) Process 1-2: isentropic compression. 

u, = 92.04Btu/lbm 
V, =144.32 


r. 


T, =540R —> 


EE E | (144.32)=18.04 > u, = 211.28 Btu/lbm 


r2 r2 Th: 


Process 2-3: v= constant heat addition. 


u; = 452.70 Btu/lbm 
v,, =2.419 


r. 


qin = U3 -Uz = 452.70 — 211.28 = 241.42 Btullbm 


T} = 2400R —> 


(b) Process 3-4: isentropic expansion. 


vyk Ur =r (8\2.419) = 19.35 > u4 = 205.54 Btu/Ibm 
3 


Process 4-1: v= constant heat rejection. 


dom = U4 —Uy = 205.54 —92.04 = 113.50 Btu/lbm 


113.50 Btu/lb 
fy = 1-21 -— - 53.0% 
241.42 Btu/Ibm 


in 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 
T 540 R 
micz: = =i =77.5% 
; Ty 2400 R 
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9-28 


9-42E An ideal Otto cycle with argon as the working fluid has a compression ratio of 8. The amount of heat transferred to 
the argon during the heat addition process, the thermal efficiency, and the thermal efficiency of a Carnot cycle operating 
between the same temperature limits are to be determined. 


Assumptions 1 The air-standard assumptions are applicable with argon as the working fluid. 2 Kinetic and potential energy 
changes are negligible. 3 Argon is an ideal gas with constant specific heats. 


Properties The properties of argon are c, = 0.1253 Btu/lbm.R, cy = 0.0756 Btu/Ibm.R, and k= 1.667 (Table A-2E). 
Analysis (a) Process 1-2: isentropic compression. 
k-1 
v 
T,= n| = (540 R\(8)°°” =2161R 
v2 
Process 2-3: v= constant heat addition. 
din SU —UQ = ante -T,) 
= (0.0756 Btu/lbm.R {2400 — 2161) R 
= 18.07 Btu/lbm 


(b) Process 3-4: isentropic expansion. 
k-1 0.667 
V3 1 
T,=T;|—| =(2400 Rž) =600 R 
V4 8 
Process 4-1: v= constant heat rejection. 
dom =U4 —Uy = c, (T, -T )= (0.0756 Btu/Ibm.R (600 —540)R = 4.536 Btu/lbm 


4.536 Btu/lb 
na =1- f% -1 UOM 74.9% 
qin 18.07 Btu/lbm 


(c) The thermal efficiency of a Carnot cycle operating between the same temperature limits is 
T 540 R 
Nac =1-—+=1 =77.5% 
, Ty 2400R 
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9-29 


9-43 A gasoline engine operates on an Otto cycle. The compression and expansion processes are modeled as polytropic. 
The temperature at the end of expansion process, the net work output, the thermal efficiency, the mean effective pressure, 
the engine speed for a given net power, and the specific fuel consumption are to be determined. 

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 

Properties The properties of air at 850 K are c, = 1.110 kJ/kg:K, cy = 0.823 kJ/kg-K, R = 0.287 kJ/kg-K, and k= 1.349 
(Table A-2b). 


Analysis (a) Process 1-2: polytropic compression 


n-1 
T= “(2 =(310 K\(11)'*" = 636.5 K 
2 


n 
P, = pfa) = (100 kPa\(11)'? = 2258 kPa 
v3 
R(T, -T,) (0.287 kJ/kg -K)(636.5 — 310)K 
S E BW JK L 312.3 kJ/kg 
1-n 1-1.3 
Process 2-3: constant volume heat addition 
P. 
A AEN 6365 Kaa) =2255K 
P, 2258 kPa 
din = U3 ZU? = c, (Ts T,) 
= (0.823 kJ/kg - K (2255 — 636.5)K =1332 kJ/kg 
Process 3-4: polytropic expansion. 
y n-1 1 1.3-1 
T =T, | =(2255 AE) =1098 K 
V4 11 
v,\" 1) 
P, = P| | =(8000 kea Z =354.2 kPa 
v 11 
R(T, -T ; = 
wee (T4 - T3) _ (0.287 kJ/kg - K)(1098 - 2255)K _ 43061 i 


1-n 1-1.3 
Process 4-1: constant volume heat rejection. 
(b) The net work output and the thermal efficiency are 


= Way — W =1106 - 312.3 = 794 kJIkg 


W net, out 


Wretout 794 kI/k 
ae net,out _ 8 = 0.596 = 59.6% 


din 1332 kJ/kg 


(c) The mean effective pressure is determined as follows 


RT, _ (0.287 kPa -m?/kg -K {310 K) 


v= = 0.8897 m°/kg = V max 
1 p 100 kPa ay 
Vmin = ¥2 = “mak 
Mpp- reon __ Wntow 794 kJ/kg kea ee 
v-v, 4(1-1/r) (0.8897 m2/kgla-1/11)\_— K 
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(d) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 


V, +V, V, +0.0016m° 
r= a y T — y, =0.00016m? 
V: V: 


V, =V, +V, =0.00016 + 0.0016 = 0.00176 m? 


The total mass contained in the cylinder is 


PV, 3 
me Mie (100 SEAN ) o 0.001978 kg 
RT, (0.287 kPa -mĉ/kg - K|310 K) 
The engine speed for a net power output of 50 kW is 
W, . 
ů = 2— = (2 rev/cycle) SAk BUS} 5 3820 rev/min 
M, Wnet (0.001978 kg)(794 kJ/kg - cycle) 1 min 


Note that there are two revolutions in one cycle in four-stroke engines. 
(e) The mass of fuel burned during one cycle is 
m, -m 0.001978 kg) - m 
gay ST _ teak pa 


m p miy my 


>m, =0.0001164kg 


Finally, the specific fuel consumption is 


sfc = 


mp 0.0001164 kg 1000 g V 3600 kJ 
M,Wre (0.001978 kg)(794 kJ/kg)\ 1kg J 1kWh 


t` net 


) = 267 gikWh 
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9-44 The expressions for the maximum gas temperature and pressure of an ideal Otto cycle are to be determined when the 
compression ratio is doubled. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis The temperature at the end of the compression varies with the compression ratio as 
k-1 
v 7 
T= | =r 
v2 


since T; is fixed. The temperature rise during the combustion remains constant since the 
amount of heat addition is fixed. Then, the maximum cycle temperature is given by 


T; =qn/C, +T, =qn/C, +T r“ 


The smallest gas specific volume during the cycle is 


When this is combined with the maximum temperature, the maximum pressure is given by 


RT. R 
P, = — =T (qn Ic, am 
v; vi 


9-45 It is to be determined if the polytropic exponent to be used in an Otto cycle model will be greater than or less than the 
isentropic exponent. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis During a polytropic process, 
Pv" = constant 
TPO” = constant 
and for an isentropic process, 


Pv“ = constant 


TPK = constant 


If heat is lost during the expansion of the gas, 
T; > Ty; 


where T,, is the temperature that would occur if the expansion were reversible and adiabatic (n=k). This can only occur 
when 


n<k 
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Diesel Cycle 


9-46C A diesel engine differs from the gasoline engine in the way combustion is initiated. In diesel engines combustion is 
initiated by compressing the air above the self-ignition temperature of the fuel whereas it is initiated by a spark plug ina 
gasoline engine. 


9-47C The Diesel cycle differs from the Otto cycle in the heat addition process only; it takes place at constant volume in 
the Otto cycle, but at constant pressure in the Diesel cycle. 


9-48C The gasoline engine. 


9-49C Diesel engines operate at high compression ratios because the diesel engines do not have the engine knock problem. 


9-50C Cutoff ratio is the ratio of the cylinder volumes after and before the combustion process. As the cutoff ratio 
decreases, the efficiency of the diesel cycle increases. 


9-51 An ideal diesel cycle has a compression ratio of 20 and a cutoff ratio of 1.3. The maximum temperature of the air and 
the rate of heat addition are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg:K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k=1.4 (Table A-2a). 


Analysis We begin by using the process types to fix the temperatures of the states. 5 qi 
2 in 


k-1 
T, = nf a ) =T,r*™ = (288 K)(20)'** =954.6 K 
Vo 


T; 12 = Tr, = (954.6 K)(1.3) = 1241K 
2 


Combining the first law as applied to the various processes with the process equations gives 


k 1.4 
1 eS i- 13i 
Ny =1-————~ = 1- —__ —— = 0.6812 
rk k(r, -1) 2014 1.4(1.3-1) 


According to the definition of the thermal efficiency, 


a W, 
Qp = Wat = 280 KW _ 367 Kw 
im 0.6812 
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9-52E An ideal diesel cycle has a a cutoff ratio of 1.4. The power produced is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R (Table A-1E), Cp = 0.240 Btu/lbm-R, 
cy = 0.171 Btu/Ibm-R, and k= 1.4 (Table A-2Ea). 


Analysis The specific volume of the air at the start of the compression is 


_ RT, _ (0.3704 psia- ft?/Ibm-R)(510 R) 


v= =13.12 ft?/Ibm 
P, 14.4 psia 


The total air mass taken by all 8 cylinders when they are charged is 


AV 7B°S/4 m(4/12 ft)? (4/12 ft)/4 
=Ny =(8) 


=0.01774lbm 
v v 13.12 ft?/Ibm 


m=N y 


The rate at which air is processed by the engine is determined from 


mn _ (0.01774 lbm/cycle)(1800/60 rev/s) 
N 


m= = 0.2661 1bm/s = 958.0 lbm/h 


ie 2 rev/cycle 


since there are two revolutions per cycle in a four-stroke engine. The compression ratio is 


r= = = 22.22 
0.045 


At the end of the compression, the air temperature is 


1.4-1 


T, =T,r“* = (510 R)(22.22)'** =1763R 


Application of the first law and work integral to the constant pressure heat addition gives 
qin = €p (T3 -T3 ) = (0.240 Btu/Ibm- R)(2760-1763)R = 239.3 Btulbm 
while the thermal efficiency is 


k 1.4 
1 ri-l 1 1.414 —1 
1a =1-—— ——~ = 1- ——__ ———_ = 0.6892 
rk kr, -2) 22.22!4-1 1.4(1.4—-1) 


The power produced by this engine is then 
Waet = MW ret = MN din 


— (958.0 Ibm/h)(0.6892)(239.3 Btu/Ibm)| —— P? — 
2544.5 Btu/h 


=62.1hp 
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9-34 


9-53 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat 
added, and the maximum gas pressure and temperature are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg:K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis The specific volume of the air at the start of the compression is 


RT, _ (0.287kPa-m°/kg -K)(293K) 
P, 80 kPa 


v= =1.051m*/kg 


and the specific volume at the end of the compression is 


1.051m3/k 
v, ==> NS L 9.07508 m3 /kg 
r 14 


The pressure at the end of the compression is 


k 
P, = ef 1 ) = Pr“ =(80kPa)(14)'* =3219 kPa 
2 


and the maximum pressure is 


P, =P; =r, P, = (1.5)(3219 kPa) = 4829 kPa 
The temperature at the end of the compression is 
u 
T, = n2) =T,r*™ =(293K)(14)'** =842.0 K 
2 


4829 kPa 


—— |=1263K 
3219 kPa 


Py 
and T; =T, a = (842.0 K) 


2 
From the definition of cutoff ratio 
V3 =F,V, =T,V, = (1.2)(0.07508 m?/kg) = 0.09010 m3/kg 


The remaining state temperatures are then 


T, =T,| “2. |=(263K) 209010) -1516K 
v 0.07508 


X 


v \ T 0.09010)" 
T,= n22) = (1516 Kf i a =567.5K 
V4 : 


Applying the first law and work expression to the heat addition processes gives 
din = cy (Ty -T)) +c,(T3 =T;) 
= (0.718 kJ/kg -K)(1263—842.0)K + (1.005 kJ/kg -K)(1516 —1263)K 
= 556.5 kJ/kg 
The heat rejected is 
dour = Cy (T4 —T,) = (0.718 kJ/kg -K)(567.5 — 293)K =197.1kJ/kg 


out 1 197.1 kJ/kg _ 
qin 556.5 kJ/kg 


646 


Then, 7, =1 
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9-54 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat 
added, and the maximum gas pressure and temperature are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis The specific volume of the air at the start of the compression is 


RT, _ (0.287 kPa-m*/kg-K)(253 Kk) 
P, 80 kPa 


v= = 0.9076 m*/kg 


and the specific volume at the end of the compression is 


0.9076 m?/k 
v, aah = ee KS _ 0.06483 m2 /kg 
2 r 14 


The pressure at the end of the compression is 


k 
P, = a( a = Pr“ =(80kPa)(14)'* = 3219 kPa 
2 


and the maximum pressure is 


P, = P; =r„P, = (1.5)(3219 kPa) = 4829 kPa 


The temperature at the end of the compression is 


k-1 
T, = nf) =T,r* =(253K)(14} “7 =727.1K 
V2 
P 
ad T =T>| a |=(727.1K)| eaea | _ 1 001k 
P, 3219 kPa 


From the definition of cutoff ratio 
V3 =9,V, =T,V, = (1.2)(0.06483 m?/kg) = 0.07780 m?/kg 


The remaining state temperatures are then 


T, =T,| “2.|=(091ky 2:0778° | -1309K 
v 0.06483 


X 


k-1 1.4-1 
T, = n22) = (1309 Kf | = 490.0K 
V4 : 


Applying the first law and work expression to the heat addition processes gives 
din = c, (Ty -T,)+c, (Ts -T,) 
= (0.718 kJ/kg -K)(1091-— 727.1)K + (1.005 kJ/kg -K)(1309 —1091)K 
= 480.4 kJ/kg 
The heat rejected is 
dout = Cy (T4 — T; ) = (0.718 kJ/kg - K)(490.0 — 253)K = 170.2 kJ/kg 


dout 1 170.2 kJ/kg _ 
din 480.4 kJ/kg 


0.646 


Then, 7, =1 
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9-55E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 


unit mass, and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 


an ideal gas with variable specific heats. 
Properties The properties of air are given in Table A-17E. 
Analysis (a) Process 1-2: isentropic compression. 


u, = 92.04 Btu/lbm 


T= DAR v,, =144.32 


T, =1623.6 R 


~ (144.32) = 7.93 —> 


Process 2-3: P = constant heat addition. 


P3¥3 _ Pav, ? v3; T, 3000R -1.848 


R G v, T, 1623.6R 


h, = 790.68 Btu/lbm 
v, = 1.180 


r. 


(b) T = 3000 R —> 


din = h} — h, = 790.68 — 402.05 = 388.63 Btu/lbm 


Process 3-4: isentropic expansion. 


_ Wy V4 r _ 18.2 


h, = 402.05 Btu/Ibm 


v, =—— (1.180) =11.621 


v, =—v = 
3 1.848 


= ——- vV 
u, © 1.8484, ° 1.848 


Process 4-1: v = constant heat rejection. 


qow =U4 —Uy = 250.91- 92.04 = 158.87 Btu/lbm 


dout 1 158.87 Btu/lbm 
din 388.63 Btu/lbm 


=59.1% 


(c) Mn =1 


> u, = 250.91 Btu/lbm 
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9-56E An air-standard Diesel cycle with a compression ratio of 18.2 is considered. The cutoff ratio, the heat rejection per 
unit mass, and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/lbm.R, c, = 0.171 Btu/lbm.R, and k=1.4 
(Table A-2E). 


Analysis (a) Process 1-2: isentropic compression. 
kal 
v 
T, = nf] = (540R \(18.2)°* =1724R 
V2 
Process 2-3: P = constant heat addition. 


Pv; _ Pavo ; V3 _ T3 _ 3000 R 
T3 T> v, T, 1724R 


=1.741 


(b) din = hg —hy = c „(T —T,) = (0.240 Btu/Ibm.R)(3000-1724)R = 306 Btu/Ibm 


Process 3-4: isentropic expansion. 


v3) (1.741v, \ 1.741)" 
T=] =T;| ———* = (3000 Rf) =1173R 
V4 V4 18.2 


Process 4-1: v= constant heat rejection. 


Gout =U4 — Uy =c,(T, T,) 
= (0.171 Btu/lbm.R {1173-540)R = 108 Btu/lbm 


108 Btu/Ib 
(c) Ny =1- Sout = OOT 64.6% 
din 306 Btu/lbm 
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9-57 An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the 
mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 
vo 
T, =T,|;—+| =(293K)\20)°* =971.1K 
v 
Process 2-3: P = constant heat addition. 


PVs PV, , Ys _ Ts _ 2200K 
T e G V T, 9711K 


= 2.265 


Process 3-4: isentropic expansion. 


k-1 k-1 k-1 0.4 
v. 2.265%. ; ; 
T, -n| ) -n z) -n(? 25) = (2200 K( 5) = 920.6 K 


v, V, r 

din = hz —hy = c „(T — T, )= (1.005 kJ/kg- K (2200 -971.1)K =1235 kJ/kg 

ou = U4 —Uy = C, (Ty —T, )= (0.718 kJ/kg - K (920.6 — 293)K = 450.6 kJ/kg 
Wnet out = qin ~ qow = 1235 -450.6 = 784.4 kJ/kg 


g, = aout, _ 7844 KIS _ 65 5 
* da  1235kJkg ` 


RT, _ (0.287 kPa -m?/kg -K {293 K) 


b y, = H o AA S = 0.885 m?/kg =v 
0) 1 p 95 kPa 8 5 Umax 
V min V= Sma 
MEP = W net,out _ Wret,out = 784.4 kJ/kg kPa- m? -933 kPa 
v-v, v(t-1/r) (0.885 m3/kg\i-1/20)\ KJ 
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9-58 A diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency and the mean 
effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis (a) Process 1-2: isentropic compression. 


y k-1 
T,= n( 4) = (293 K)(20)°* = 971.1K 
2 


Process 2-3: P = constant heat addition. 
PV; _ PV, , V; _T; 2200K _ 
T, T, V, ë T, 9711K 


2.265 


Process 3-4: polytropic expansion. 


-1 n-1 -1 0.35 

vy 2.265%. 265)" l 

T,=T,;—| = 1 = 1? 25) = (2200 K( =) =1026 K 
V, v, r 20 


out =U4 —Uy = C, (Ty -T, )= (0.718 kJ/kg: K (1026 - 293) K = 526.3 kJ/kg 


Note that qow in this case does not represent the entire heat rejected since some heat is also rejected during the polytropic 
process, which is determined from an energy balance on process 3-4: 


R(T, -T3 ) _ (0.287 kJ/kg - K )(1026 — 2200) K 


w = = 963 kJ/k 
es 1-n 1-1.35 $ 
Ein 5 E out = AE system 
934,in — W34,our = U4 —U3 > G34in = Waa our Cy (T, B T) 
= 963 kJ/kg + (0.718 kJ/kg -K (1026-2200) K 
= 120.1 kI/kg 


which means that 120.1 kJ/kg of heat is transferred to the combustion gases during the expansion process. This is 
unrealistic since the gas is at a much higher temperature than the surroundings, and a hot gas loses heat during polytropic 
expansion. The cause of this unrealistic result is the constant specific heat assumption. If we were to use u data from the 
air table, we would obtain 


q34in = Wa4,our + (U4 — U3 )= 963 + (781.3 - 1872.4) = -128.1 kJ/kg 


which is a heat loss as expected. Then qou becomes 
Gout = q34,0ut + q41,out = 128.1+ 526.3 = 654.4 kJ/kg 


and 
Waetout = Gin ~ Vout =1235—654.4 = 580.6 kJ/kg 
Wnetout 580.6 kJ/k 
Na = netout g -47.0% 
din 1235 kJ/kg 
RT, (0.287 kPa-m?/kg-K {293 K 
6), “ete | a-m*/kg-K] ) -0.885 m2/kg = Umax 
P, 95 kPa 
Vinin 5V2 = Sma 
MEP = Wnet, out = Wnet, out _ 580.6 kJ/kg 1kPa-m? -691 kPa 
v-v, (1-1/r) (0.885 m/kg\i-1/20)|-KI 
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EES 
9-59 Problem 9-58 is reconsidered. The effect of the compression ratio on the net work output, mean effective 
pressure, and thermal efficiency is to be investigated. Also, T-s and P-y diagrams for the cycle are to be plotted. 


Analysis Using EES, the problem is solved as follows: 


Procedure QTotal(q_12,q_23,q_34,q_41: q_in_total,q_out_total) 

q_in_total = 0 

q_out_total = 0 

IF (q_12 > 0) THEN q_in_total = q_12 ELSE q_out_total = - q_12 

If q_23 > 0 then q_in_total = q_in_total + q_23 else q_out_total = q_out_total - q_23 
If q_34 > 0 then q_in_total = q_in_total + q_34 else q_out_total = q_out_total - q_34 
If q_41 > 0 then q_in_total = q_in_total + q_41 else q_out_total = q_out_total - q_41 
END 


"Input Data" 
T[1]=293 [K] 
P[1]=95 [kPa] 
T[3] = 2200 [K] 
n=1.35 
{r_comp = 20} 


"Process 1-2 is isentropic compression" 
s[1]=entropy(air, T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 
P[2]*v[2\/T[2]=P[1]*v[1]/T[1] 

P[1]*v[1J=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12-w_12 = DELTAu_12 

q_12 =O"isentropic process" 

DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1]) 
"Process 2-3 is constant pressure heat addition" 
P[3]=P[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3]*v[3]J=R*T[3] 

"Conservation of energy for process 2 to 3" 

g_23 - w_23 = DELTAu_23 

w_23 =P[2]*(V[3] - V[2])"constant pressure process" 
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2]) 
"Process 3-4 is polytropic expansion" 

P[3]/P[4] =(V[4]/V[3])*n 

s[4]=entropy(air, T=T[4],P=P[4]) 

P[4]*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 

q_34 - w_34 = DELTAu_34 "q_34 is not 0 for the ploytropic process" 
DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3]) 
P[3]*V[3]*n = Const 

w_34=(P[4]*V[4]-P[3]*V[3])/(1-n) 

"Process 4-1 is constant volume heat rejection" 

V[4] = V[1] 

"Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 
DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4]) 


Call QTotal(q_12,q_23,q_34,q_41: q_in_total,q_out_total) 
w_net = w_12+w_23+w_34+w_41 
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Eta_th=w_net/q_in_total*100 "Thermal efficiency, in percent" 
"The mean effective pressure is:" 
MEP = w_net/(V[1]-V[2]) 


lcomp Nth MEP Wnet 

[kPa] [kJ/kg] 
14 47.69 970.8 797.9 
16 50.14 985 817.4 
18 52.16 992.6 829.8 
20 53.85 995.4 837.0 
22 55.29 994.9 840.6 
24 56.54 992 841.5 

Air 


T[K] 


40 45 50 55 60 65 70 75 
s [kJ/kg-K] 


Air 
104 104 


P [kPa] 


10-2 10-1 100 101 102 


9-41 
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Wnet [kJ/kg] 


Nth 


MEP [kPa] 
O 
G 
T 


14 16 18 20 22 


‘comp 
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9-60 A four-cylinder ideal diesel engine with air as the working fluid has a compression ratio of 22 and a cutoff ratio of 
1.8. The power the engine will deliver at 2300 rpm is to be determined. 


Assumptions 1 The cold air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 
Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2). 


Analysis Process 1-2: isentropic compression. 
v k-1 
T, = (Z| = (343 K\22)°* =1181K 
2 


Process 2-3: P = constant heat addition. 


Pv; _ Pov» 


> T3 = “2T, =1.8T, =(1.8\1181K)= 2126 K 
T3 T, 


Vo 


Process 3-4: isentropic expansion. 


k-1 k-1 k-1 0.4 
v. 2.20. l ; 
T= | =Ts 2 -1,(22) -(2216x 22) =781K 
V, v, r 22 


3 
n-B4 - (97 kPa)(0.0020 m°) -0.001971 kg 
RT, (0.287 kPa- m?/kg - K)(343 K) 


Qn = m(h, = h,)= mc , (T; -T,) 
= (0.001971 kg)(1.005 kJ/kg - K)(2216 —-1181)K =1.871kJ 


Qout = m(u, —u,)= me, (T, z T,) 
= (0.001971 kg {0.718 kJ/kg - K)(781— 343)K = 0.6198 kJ 


Wretout = Qin — Qout =1.871- 0.6198 =1.251 kJ/rev 


Wreout = AW pet out = (2300/60 rev/s\1.251kJ/rev)= 48.0 kW 


Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus 
revolutions). 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-44 


9-61 A four-cylinder ideal diesel engine with nitrogen as the working fluid has a compression ratio of 22 and a cutoff ratio 
of 1.8. The power the engine will deliver at 2300 rpm is to be determined. 


Assumptions 1 The air-standard assumptions are applicable with nitrogen as the working fluid. 2 Kinetic and potential 
energy changes are negligible. 3 Nitrogen is an ideal gas with constant specific heats. 


Properties The properties of nitrogen at room temperature are c, = 1.039 kJ/kg-K, c, = 0.743 kJ/kg-K, R = 0.2968 
kJ/kg-K, and k= 1.4 (Table A-2). 
Analysis Process 1-2: isentropic compression. 


k-1 
T, = n4) =(343 K\22)°* =1181K 
2 


Process 2-3: P = constant heat addition. 


Pigs P 
3⁄3 LiM LO T, ee =1.8T, = (1.8(1181K)=2126 K 
T; T, V3 


Process 3-4: isentropic expansion. 
k-1 k-1 k-1 0.4 
V. 2V. : 
T, =T;|—-| =T Cats -1{22) (2216 2) = 781K 
V, V, r 22 
R ia (97 kPa)(0.0020 m°) 
RT, (0.2968 kPa -m*/kg - K)(343 K) 


Qin = m(h; -h,)= mc, (T3 -T,) 
= (0.001906 kg)(1.039 kJ/kg - K)(2216 —1181)K =1.871kJ 


Qout = m(U, a u)= mc, (T, 5 T,) 
= (0.001906 kg )(0.743 kJ/kg : K (781 — 343)K = 0.6202 kJ 


Wretout = Qin — Qout =1.871 — 0.6202 =1.251 kJ/rev 


= 0.001906 kg 


Wretout = ÀW pet out = (2300/60 rev/s)(1.251kJ/rev) = 47.9 kW 


Discussion Note that for 2-stroke engines, 1 thermodynamic cycle is equivalent to 1 mechanical cycle (and thus 
revolutions). 
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9-62 An ideal dual cycle has a compression ratio of 18 and cutoff ratio of 1.1. The power produced by the cycle is to be 
determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis We begin by fixing the temperatures at all states. 


k-1 
T, = nf) =T,r‘ = (291 K)(18)} 4 = 924.7 K 
V2 


k 
P, = [2 ) = P,r* = (90 kPa)(18)!4 = 5148 kPa 
2 


P, = P; = rP, = (1.1)(5148 kPa) = 5663 kPa 


P 
T, =T,| = | = (924.7 K) SBO KPA | -aiai 
P, 5148 kPa 


T3 =r,T, =(1.1)(1017 K) =1119K 


ee roA LD 
T, =T,| =T;| < =(1119 K(=) = 365.8 K 
V4 r 18 


Applying the first law to each of the processes gives 
Wi- = C, (T -T,) = (0.718 kJ/kg -K)(924.7 — 291)K = 455.0 kJ/kg 
qx-3 =€ p(T; -T,) = (1.005 kJ/kg -K)(1119-1017)K = 102.5 kJ/kg 
Wy-3 = qx-3 — C, (T; -T, ) = 102.5- (0.718 kJ/kg -K)(1119 —1017)K = 29.26 kJ/kg 
W3_4 = C, (T; — T4) = (0.718 kJ/kg -K)(1119 —365.8)K = 540.8 kJ/kg 
The net work of the cycle is 
Wnet = W3-4 + Wy_3 — Wiz = 540.8 + 29.26 — 455.0 = 115.1 kJ/kg 
The mass in the device is given by 


aeii- (90 kPa)(0.003m°) 
RT, (0.287 kPa-m*/kg-K)(291K) 


= 0.003233 kg 


The net power produced by this engine is then 


Wet = MWe À = (0.003233 kg/cycle)(115.1kJ/kg)(4000/60 cycle/s)= 24.8 kW 


net net 
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9-63 A dual cycle with non-isentropic compression and expansion processes is considered. The power produced by the 
cycle is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis We begin by fixing the temperatures at all states. 


k-1 
Tə; = nf) =T,r*™ =(291k)(18)'** =924.7K 


Tə, -T T>, -T; 924.7 — 291) K 
n=—s—_ >T, =T, + 1 = (091 a 2247-290 K R 
T, -T, 7] 


k 
P, = ef = = P r" =(90kPa)(18)'* = 5148 kPa 
“5 
P, = P} =r „P, = (1.1)(5148 kPa) = 5663kPa 


P 
T, =T,| > |- a037 Ky 2682 PA | -1141K 
P, 5148 kPa 


T; =r,T, =(1.1)(1141K) =1255 K 


k-1 k-1 1.4-1 
fr aps = (1255K = =410.3K 
4s = 43 3 ( ) ees 
V4 r 18 


_13-T, 
T; =T 


—>T, =T; —7(T3 - T4, ) = (1255 K) — (0.90)(1255— 410.3) K = 494.8 K 


Applying the first law to each of the processes gives 
Wi- =C, (T, -T,) = (0.718 kJ/kg - K)(1037 — 291)K = 535.6 kJ/kg 
qx-3 = €p (T; -T,) = (1.005 kJ/kg : K)(1255-1141)K =114.6 kJ/kg 
Wy-3 = qx-3 —Cy (T3 -T, ) =114.6- (0.718 kJ/kg -K)(1255 -1141)K = 32.75 kJ/kg 
W3_4 =Cy(T; — T4) = (0.718 kJ/kg -K)(1255 — 494.8)K = 545.8 kJ/kg 
The net work of the cycle is 
Whet = W3-4 + Wy-3 — Wiz = 545.8 + 32.75 — 535.6 = 42.95 kJ/kg 
The mass in the device is given by 


ma iM (90 kPa)(0.003m*) 
RT, (0.287 kPa-m*/kg-K)(291K) 


= 0.003233 kg 


The net power produced by this engine is then 


Wret = MW et = (0.003233 kg/cycle)(42.95 kJ/kg)(4000/60 cycle/s) = 9.26 kW 
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9-64E An ideal dual cycle has a compression ratio of 15 and cutoff ratio of 1.4. The net work, heat addition, and the 
thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R (Table A-1E), Cp = 0.240 Btu/lbm-R, 
cy = 0.171 Btu/lbm-R, and k= 1.4 (Table A-2Ea). 


Analysis Working around the cycle, the germane properties at the various states are 


k-1 
T> = (4) =T,r‘ = (535 R)(15)'** =1580R 
Vo 


k 
P, = ef “i ) = Pr* = (14.2 psia)(15)'* = 629.2 psia 
v2 
P, =P; =r,P, =(1.1)(629.2 psia) = 692.1 psia 


P 692.1 psi 
T, =T,| = |= as80 R) 2-2% | S41 738R 
P, 629.2 psia 


vs 


yT roa 14 
T, =T} = =T;| < = (2433 n( =] =942.2R 
V4 r 15 


Applying the first law to each of the processes gives 


T; =T, (2 =T, r, = (1738 R)(1.4) = 2433 R 


wi = C, (T, -T,) = (0.171 Btu/Ibm- R)(1580 - 535)R = 178.7 Btu/Ibm 
qə-x = €, (T, -T,) = (0.171 Btu/lbm- R)(1738—1580)R = 27.02 Btu/lbm 


qx-3 = €, (T3 —T,) = (0.240 Btu/lbm- R)(2433—1738)R = 166.8 Btu/lbm 


Wy-3 = qx-3 — C, (T; — T, ) = 166.8 Btu/lbm — (0.171 Btulbm : R)(2433—1738)R = 47.96 Btu/lbm 
W3_4 = C, (T; —T,) = (0.171 Btu/lbm- R)(2433-942.2)R = 254.9 Btu/lbm 
The net work of the cycle is 
Wnet = W3-4 + Wy_3 — Wiz = 254.9 + 47.96 -178.7 = 124.2 Btullbm 
and the net heat addition is 
din = q2-x +4x-3 = 27.02 +166.8 = 193.8 Btu/lbm 
Hence, the thermal efficiency is 


Wnet _ 124.2 Btu/lbm _ 
qin 193.8 Btu/lbm 


0.641 


Ith = 
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9-48 


9-65 A six-cylinder compression ignition engine operates on the ideal Diesel cycle. The maximum temperature in the cycle, 
the cutoff ratio, the net work output per cycle, the thermal efficiency, the mean effective pressure, the net power output, and 


the specific fuel consumption are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 


an ideal gas with constant specific heats. 


Properties The properties of air at 850 K are c, = 1.110 kJ/kg-K, c, = 0.823 kJ/kg:K, R = 0.287 kJ/kg-K, and k= 1.349 


(Table A-2b). 


Analysis (a) Process 1-2: Isentropic compression 


k-1 
T, = nf) = (340 K)(19)'*""" =950.1K 
2 


k 
P, = pf) = (95 kPa)(19)'*? =5044 kPa 
2 


The clearance volume and the total volume of the engine at the 
beginning of compression process (state 1) are 
V, +V 


r= >19= 
V 


c 


V, =0.0001778 m? 


V, + 0.0045 m? 
v 


Cc 


V, =V, +V; =0.0001778 + 0.0032 = 0.003378 m’ 
The total mass contained in the cylinder is 


m= iM ___ (95 kPa)(0.003378 mĉ) 
RT, (0.287 kPa -m°/kg - K {840 K) 


= 0.003288 kg 


The mass of fuel burned during one cycle is 
m-m 0.003288 kg) - m 
f 28- ( g) f 


my mi my 


Process 2-3: constant pressure heat addition 


——> mç =0.0001134kg 


Qin = M fqv = (0.0001134 kg)(42,500 kJ/kg)(0.98) = 4.723 kJ 


Qin = mc, (T — T})—> 4.723 kJ = (0.003288 kg)(0.823kJ/kg.K)(T3 — 950.1)K —>T,; = 2244 K 


The cutoff ratio is 
_T; 2244K _ 


T, 9501K 


2.362 


V, _ 0.003378m° 
r 19 


(b) V, = =0.0001778 m? 

V, = BV, =(2.362)(0.0001778 m?) = 0.0004199 m° 
Vv, =% 

P; =P, 
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Process 3-4: isentropic expansion. 


vT 0.0004199 m3) 
T,=T;|—-| =(2244K) — = =1084K 
v, 0.003378 m’ 


v 0.0004199 m? \) 
r-r] | = l =302.9 kPa 
4 


0.003378 m° 


Process 4-1: constant voume heat rejection. 


Qout = Mc, (T4 — T, )= (0.003288 kg)(0.823 kJ/kg - K (1084 — 340)K = 2.013 kJ 


The net work output and the thermal efficiency are 


Wretout = Qin — Qout = 4.723 — 2.013 = 2.710 kJ 


Wretout 2.710 kJ 


Mh = = = 0.5737 = 57.4% 
Qa 4.723kJ 
c) The mean effective pressure is determined to be 
p 
W, 2.710 kJ .m? 
MEP =S = - kPa-m” |847 kPa 
V -V (0.003378 — 0.0001778)m kJ 
(d) The power for engine speed of 1750 rpm is 
wosia eode Ean ( Lmin ) _ 39.5 KW 
2 (2 rev/cycle) \ 60s 


Note that there are two revolutions in one cycle in four-stroke engines. 


(e) Finally, the specific fuel consumption is 


= my _ 00001134 sefa sz kJ 


sfc 
Wret 2.710 kJ/kg 1kg 1kWh 


=151g/kWh 
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9-50 
9-66 An expression for cutoff ratio of an ideal diesel cycle is to be developed. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis Employing the isentropic process equations, 
T, =T,r*4 

while the ideal gas law gives 
T; = Tr, = r rT, 


When the first law and the closed system work integral is applied to the 
constant pressure heat addition, the result is 


din = c, (T3 -T,)= cp (rer “T, SpA) 
When this is solved for cutoff ratio, the result is 


din 


r,=1+ 
k-1 
cr T 


Cc 
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9-51 


9-67 An expression for the thermal efficiency of a dual cycle is to be developed and the thermal efficiency for a given case 
is to be calculated. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2) 


Analysis The thermal efficiency of a dual cycle may be expressed as 


Gita cu(Ts-T) 
din c, (Ty -T,)+c,(T3 -T,) 


Mn =1 


By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well 
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields 
the result 


j ; 1 rpré -1 
th k-1 
r kr (re -D +r, -1 
where 
P Vv 
r, =— and r, = 
P, Vy 


When re = rp, we obtain 


r 1 ri” zi 

4i 

: poe kri -rp)+rp -1 
For the case r = 20 and r, = 2, 


1 plat 1 
2014 (1.42? -2)+2-1 


in =1 = 0.660 
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9-52 
9-68 An expression regarding the thermal efficiency of a dual cycle for a special case is to be obtained. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis The thermal efficiency of a dual cycle may be expressed as 


patuá cy (T4 -T,) 
' din Cy (Ty -T3)+c, (T3 -T,) 


By applying the isentropic process relations for ideal gases with constant specific heats to the processes 1-2 and 3-4, as well 
as the ideal gas equation of state, the temperatures may be eliminated from the thermal efficiency expression. This yields 
the result 


1 rre -1 
ki rE | kr, (re-1)+r, -1 
where 
P Vv 
r,=— and r,=— 
P, Vy 
When r: = rp, we obtain 
1 a =] 
Ma =l- 2 
r k(rg —rp)+rp -1 


Rearrangement of this result gives 


k+1 
r, —1 
— = (L-a 8 
kp —rp)+r, -1 
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9-69 The five processes of the dual cycle is described. The P-vand T-s diagrams for this cycle is to be sketched. An 
expression for the cycle thermal efficiency is to be obtained and the limit of the efficiency is to be evaluated for certain 
cases. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis (a) The P-vand T-s diagrams for this cycle are as shown. 


4 


S 


(b) Apply first law to the closed system for processes 2-3, 3-4, and 5-1 to show: 
Gn =C, (B-T,)+C, (L-7) 
Aout E C, (T, -T,) 


The cycle thermal efficiency is given by 


ERL C, (T-T) e T, (T, /T, -1) 
me C,(T,-T,)+C,(T,-T,) 1, (T,/T, -1)+kT, (T,/T,-1) 
T,/T,-1 
Np =1 T. (z > 
p k An) 


Process 1-2 is isentropic; therefore, 


k-1 
ee Di Ne Vi = rit 
L V 


Process 2-3 is constant volume; therefore, 
D Vi Pea 
T, PY, P, P 

Process 3-4 is constant pressure; therefore, 
PW, -EW Te Ve =r 


T, T, To Vea 


Process 4-5 is isentropic; therefore, 


k-1 k-1 k-1 k-1 k-1 
T; E Vi = Vi = rV; Z rV, = (=) 
T, (V: V V V, r 


Process 5-1 is constant volume; however T./T, is found from the following. 


k-1 
T; = T; T, T; T, z r k-1 k 
RR f 
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The ratio T3/T, is found from the following. 
O R 


i 
The efficiency becomes 
7 rer, —1 
a mune -1)+kr r“ (r, -1) 


(c) In the limit as r, approaches unity, the cycle thermal efficiency becomes 


i ah rfr, af 

im7, = im 

po molp" (r, 1)+kr,r“ '(r, -1) 
limy, =1 l A =n 

r,t th ret k(r, -1) th Diesel 


(d) In the limit as r. approaches unity, the cycle thermal efficiency becomes 


rfr —1 
limy, =1-4 lim ——————— > = 1- 


>I nol r -1)+ krr" (r, -1) a 


limy, =1 Ei 
nol Min F rk Zj Nin Otto 
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9-54 


Stirling and Ericsson Cycles 


9-70C The Stirling cycle. 


9-71C The two isentropic processes of the Carnot cycle are replaced by two constant pressure regeneration processes in the 
Ericsson cycle. 


9-72C The efficiencies of the Carnot and the Stirling cycles would be the same, the efficiency of the Otto cycle would be 
less. 


9-73C The efficiencies of the Carnot and the Ericsson cycles would be the same, the efficiency of the Diesel cycle would 
be less. 


9-74 An ideal steady-flow Ericsson engine with air as the working fluid is considered. The maximum pressure in the cycle, 
the net work output, and the thermal efficiency of the cycle are to be determined. 


Assumptions Air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). 
Analysis (a) The entropy change during process 3-4 is 


wo 150 kJ⁄k 
E Ea 8 05 kJ/kg -K 
TA 300 K 


and 


T3 Ps 


= -(0.287 kJ/kg- K)In Wong kJ/kg- K 
120 kPa 


It yields P, = 685.2 kPa 
(b) For reversible cycles, 
dow _ Tr Ty 1200 K 


>q = = 150 kJ/kg )= 600 kJ/k 
a in = lou re g) g 


Thus, 
Wretout = Win — aou = 600 -150 = 450 kJ/kg 


(c) The thermal efficiency of this totally reversible cycle is determined from 


T; _}_ 300K 
T 1200K 


= 75.0% 
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9-75 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits. 
The net work produced per cycle and the thermal efficiency of the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k= 1.4 (Table A-2a). 


Analysis Since the specific volume is constant during process 2-3, 
T 800 K 
P, = P, — = (100 kPa) ——— | = 266.7 kPa 
T> 300 K 


Heat is only added to the system during reversible process 1-2. Then, 


#0 
Sy — 8, =CyIn h Rin = 300 K 
1 1 
= 0— (0.287 kJ/kg: K)In{ 268-7 kPa 
2000 kPa 


= 0.5782 kJ/kg: K 
in = T,(S> — $1) = (800 K)(0.5782 kJ/kg: K) = 462.6 kJ/kg 


The thermal efficiency of this totally reversible cycle is determined from 


T 300 K 
ny =1-—+=1 = 0.625 
Ty 800 K 


Then, 
Wiet = 7h Mqin = (0.625)(1 kg)(462.6 kJ/kg) = 289.1kJ 
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9-57 


9-76 An ideal Stirling engine with air as the working fluid operates between the specified temperature and pressure limits. 
The power produced and the rate of heat input are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K, R = 0.287 kJ/kg-K, and 
k=1.4 (Table A-2a). 


Analysis Since the specific volume is constant during process 2-3, 


T. 800 K 
P, = P; — = (100 kPa)} ——— | = 266.7 kPa 
T; 300 K 


Heat is only added to the system during reversible process 1-2. Then, 


20 
S-S, =C, ln i Rin=2 300 K 
P, 
1 af 
= 0— (0.287 kJ/kg: K)In{ 268-7 kPa 
2000 kPa 


= 0.5782 kJ/kg: K 
din = Ti (S2 — s4) = (800 K)(0.5782 kJ/kg - K) = 462.6 kJ/kg 
The thermal efficiency of this totally reversible cycle is determined from 


T; 300 K 
Ty 800 K 


= 0.625 


1th 


Then, 
Wet = 7h Main = (0.625)(1 kg)(462.6 kJ/kg) = 289.1 kJ 


The rate at which heat is added to this engine is 


Qin = Minn = (Lkg/cycle)462.6 kJ/kg)(1300/60 cycle/s) = 10,020 kW 
while the power produced by the engine is 
wW, 


net 


= W eñ =)(289.1 kJ/cycle)(1300/60 cycle/s) = 6264 kW 
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9-77 An ideal Ericsson cycle operates between the specified temperature limits. The rate of heat addition is to be 
determined. 


Analysis The thermal efficiency of this totally reversible cycle is determined 


from t 
900 K 
T 280 K 
Ny =1- = 0.6889 
Ta 900 K 
According to the general definition of the thermal efficiency, the rate of heat 
addition is 280 K 
~ Wae _ 500k 
Qn =—= ie 726 kW 
Nth 0.6889 


9-78 An ideal Ericsson cycle operates between the specified temperature limits. The power produced by the cycle is to be 
determined. 


Analysis The power output is 500 kW when the cycle is repeated 2000 times T 
per minute. Then the work per cycle is 
900 K 
W, 500 kJ/ 
Woop = = S __ 15 kJ/cycle 


n (2000/60) cycle/s 


When the cycle is repeated 3000 times per minute, the power output will be 280 K 


Wet = Wet = (3000/60 cycle/s)(15 kJ/cycle)= 750 kW 


9-79E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/Ibm.R (Table A-1E), Cp = 0.240 Btu/Ibm-R, 
cy = 0.171 Btu/lbm-R, and k = 1.4 (Table A-2Ea). 


Analysis From the thermal efficiency relation, 


Wia zj Ti , 2Btu _}_510R 
Qin Ts 6 Btu Ts 


Th >T,, =765R 


State 3 may be used to determine the mass of air in the system, 


3 510R 
n- PMs (10 psia)(0s ft?) EPP 
RT; (0.3704 psia - ft?/Ibm- R)(510 R) 


The maximum pressure occurs at state 1, 


_ mRT, _ (0.02647 lbm)(0.3704 psia - ft?/Ibm- R)(765 R) 


P 
1O A 0.06 ft? 


=125 psia 
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9-59 


9-80E An ideal Stirling engine with air as the working fluid is considered. The temperature of the source-energy reservoir, 
the amount of air contained in the engine, and the maximum air pressure during the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft*/lbm.R, cp = 0.240 Btu/Ibm-R, c, = 0.171 
Btu/Ilbm-R, and k= 1.4 (Table A-2E). 


Analysis From the thermal efficiency relation, 


W, T ; 
Na net q L ‘ 2.5 Btu 1 510R 


Qin Ta 6 Btu Te 


>T, =874R 


State 3 may be used to determine the mass of air in the system, 


+ 3 
nai (10 psia)(0.5 ft?) OOA 510 R 
RT, (0.3704 psia - ft?/Ibm-R)(510 R) 


The maximum pressure occurs at state 1, 


mRT, _ (0.02647 Ibm)(0.3704 psia - ft?/Ibm- R)(874 R) 


V, R =143 psia 


P = 


9-81 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat added to the 
cycle and the net work produced by the cycle are to be determined. 


Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 kPa‘m’/kg.K, cp = 1.005 kJ/kg'K, c, = 0.718 kJ/kg-K, 
and k= 1.4 (Table A-2a). 


Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 
P, = P} “2. = (50 kPa)(12) = 600 kPa 
V4 
Since process 4-1 is one of constant volume, 


P 
T, = nf 2 = (298 «(| =1788K 
4 


Adapting the first law and work integral to the heat addition process gives 


Gin = Wy» = RT, In 2 = (0.287 kJ/kg -K)(1788 K)In(12) = 1275 kJIkg 
vi 


Similarly, 


dou = W3_4 = RT; In “+ = (0.287 kJ/kg -K)(298 Kou = 212.5 kJIkg 
V3 


The net work is then 


Wnet = qin ~ Vou =1275- 212.5 = 1063 kJ/kg 
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9-60 
9-82 An ideal Stirling engine with air as the working fluid operates between specified pressure limits. The heat transfer in 
the regenerator is to be determined. 
Assumptions Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 kPa‘m’/kg.K, cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, 
and k= 1.4 (Table A-2a). 


Analysis Applying the ideal gas equation to the isothermal process 3-4 gives 
P, = P} Z = (50 kPa)(12) = 600 kPa 
V4 
Since process 4-1 is one of constant volume, 


P 
Ts nf 2 = (298 «(ee | =1788 K 
4 


Application of the first law to process 4-1 gives 


qregen = Cy (T, —T4) = (0.718 kJ/kg -K)(1788 — 298)K = 1070 kJIkg 
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9-61 


Ideal and Actual Gas-Turbine (Brayton) Cycles 


9-83C They are (1) isentropic compression (in a compressor), (2) P = constant heat addition, (3) isentropic expansion (in a 
turbine), and (4) P = constant heat rejection. 


9-84C For fixed maximum and minimum temperatures, (a) the thermal efficiency increases with pressure ratio, (b) the net 
work first increases with pressure ratio, reaches a maximum, and then decreases. 


9-85C Back work ratio is the ratio of the compressor (or pump) work input to the turbine work output. It is usually 
between 0.40 and 0.6 for gas turbine engines. 


9-86C In gas turbine engines a gas is compressed, and thus the compression work requirements are very large since the 
steady-flow work is proportional to the specific volume. 


9-87C As a result of turbine and compressor inefficiencies, (a) the back work ratio increases, and (b) the thermal efficiency 
decreases. 
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9-62 


9-88E A simple ideal Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the 
compressor exit, the back work ratio, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17E. 


Analysis (a) Noting that process 1-2 is isentropic, T 
h, = 124.27 Btu /Ibm A 
T,=520R —> P, =12147 2000 i 
P, T, = 996.5 R 
P, =P, =(10\1.2147)=12.147 —> 7 
2 p o” h, = 240.11 Btu/lbm 7 4 
520 f 


(b) Process 3-4 is isentropic, and thus Tout 


h, = 504.71 Btu/Ibm 


se aed Bey 


r. 


P 1 
P, =4p = (Zso 17.4 > hy = 265.83 Btu/lbm 
4 PB 140 


Wein = hy — hy = 240.11-124.27 =115.84 Btu/lbm 
Wrout = hy — h4 =504.71— 265.83 = 238.88 Btu/Ibm 


Then the back-work ratio becomes 


ge Wo in _ 115.84 Btu/lbm 
b 


A = 48.5% 
Wrou 238.88 Btu/Ibm 


(o) din =h; —h, =504.71- 240.11 = 264.60 Btu/lbm 
Waetout = Wrout —Wcin = 238.88 -115.84 = 123.04 Btu/Ibm 


Wret,out T 123.04 Btu/lbm 
din 264.60 Btu/Ibm 


= 46.5% 


1h = 
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9-89 D A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the 
turbine exit, the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard 
assumptions are applicable. 3 Kinetic and potential energy changes are 
negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17. 
Analysis (a) Noting that process 1-2s is isentropic, 


h, = 295.17 kJ/kg 
T, =295 K —> 


P, =1.3068 s 
1 

P. 

P, = phn = (10\(1.3068)=13.07 —> h», = 570.26 kJ/kg and T,, =564.9K 
1 

hy, —h hy, —h 
No = 2s 1 > h, h, 4. 2s 1 

hy — hy Nc 

= 295.17 + a Pa = 626.60 kJ/kg 


h, =1324.93 kJ/kg 
T; =1240 K —> 


P, =272.3 
3 
P, 1 
Ba alae (272.3)= 27.23 —> hy, = 702.07 kJ/kg and T4, = 689.6 K 
3 
h; —h 
oa m > hy =h; -nz (h; - has) 
AS =1324.93 — (0.87 {1324.93 — 702.07) 
= 783.04 kJ/kg 
Thus, 
T4 = 764.4 K 


(b) din = hz — hy =1324.93 — 626.60 = 698.3 kJ/kg 
out = h4 — h = 783.04 — 295.17 = 487.9 kJ/kg 
ou = 698.3 — 487.9 = 210.4 kJ/kg 


Whet,out = qin 


Wheout _ 210.4 kJ/kg 
din 698.3 kJ/kg 


= 0.3013 = 30.1% 


(c) 1h = 
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> 
9-90 Problem 9-89 is reconsidered. The mass flow rate, pressure ratio, turbine inlet temperature, and the isentropic 
efficiencies of the turbine and compressor are to be varied and a general solution for the problem by taking advantage of the 
diagram window method for supplying data to EES is to be developed. 


Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 
{P_ratio = 10} 

{T[1] = 295 [K] 

P[1]= 100 [kPa] 

T[3] = 1240 [K] 

m_dot = 20 [kg/s] 

Eta_c = 83/100 

Eta_t = 87/100} 


"Inlet conditions" 
h[1J=ENTHALPY (Air, T=T[1]) 
s[1J=ENTROPY (Air, T=T[1],P=P[1]) 


"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY (Air, T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

h[3]=ENTHALPY (Air, T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 


"Turbine analysis" 

s[3]J=ENTROPY (Air, T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4]=TEMPERATURE (Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4J=ENTHALPY (Air, T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 
Bwr=W_dot_c/W_dot_t "Back work ratio" 


"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air, T=T[2],P=P[2]) 

s[4]=entropy(air, T=T[4],P=P[4]) 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


Bwr n Pratio W. Whet W, Qin 
[kW] [kW] [kW] [kW] 
0.5229 0.1 2 1818 1659 3477 16587 
0.6305 0.1644 4 4033 2364 6396 14373 
0.7038 0.1814 6 5543 2333 7876 12862 
0.7611 0.1806 8 6723 2110 8833 11682 
0.8088 0.1702 10 7705 1822 9527 10700 
0.85 0.1533 12 8553 1510 10063 9852 
0.8864 0.131 14 9304 1192 10496 9102 
0.9192 0.1041 16 9980 877.2 10857 8426 
0.9491 0.07272 18 10596 567.9 11164 7809 
0.9767 0.03675 20 11165 266.1 11431 7241 
0.36 C T T T T T T T T T T T 4500 
0.32 F 4866 
0.28 | 
F 3600 S 
= l x 
0.24 È 
f 3150 g 
0.2 = 
ié F 2700 
0.12 fi 1 1 i 1 1 1 1 1 n 1 2250 
2 4 6 8 10 12 14 16 18 
Pratio 
1500 T T T T T Ar y T T T 
_/ | 
1000 4 
x 2 A ] 
e 25 4s 
500 J 
1000 kPa 
100 kPa | 
(0) i fi i f | fi i f i i i 
4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


s [kJ/kg-K] 


preparation. If you are a student using this Manual, you are using it without permission. 


9-66 


9-91 A simple Brayton cycle with air as the working fluid has a pressure ratio of 10. The air temperature at the turbine exit, 
the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg-K and k= 1.4 (Table A-2). 


Analysis (a) Using the compressor and turbine efficiency relations, 


P, 
P (k-1)/k 0.4/1.4 
T,, = T| — =(1240 f5) =642.3K 
P; 
ge e T) >T, =T, +2288 
hy — hy eat -T,) 1c . 
egg oe OP pos 
0.83 
h= h _ ¢p(T3—Ta) 
1r =——* P > Ta =T; — Nr (T -Tas ) 


=1240 — (0.87 (1240 - 642.3) 
=720K 
(b) qin =h; — hy =c „(T3 — T, )= (1.005 kJ/kg - K )\(1240 — 625.8)K = 617.3 kJ/kg 
qow = hg — h = c „(T4 - T, )= (1.005 kJ/kg - K )(720 - 295)K = 427.1 kJ/kg 
w = qin — lout = 617.3 — 427.1 = 190.2 kJIkg 


net,out 


(c) Nn = Whret,out = 190.2 kJ/kg ~ 0.3081 = 30.8% 
a qm  617.3kJ/kg ` l 
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9-92E A simple ideal Brayton cycle with helium has a pressure ratio of 14. The power output is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Helium is an ideal gas with constant specific heats. 


Properties The properties of helium are c, = 1.25 Btu/lbm-R and k= 1.667 (Table A-2Ea). 


Analysis Using the isentropic relations for an ideal gas, 


(k-1)/k T 
T, = nf ) = Reo = (520 R)(14)897/1-667 =1495R 1760 R. 3 
1 din 
cet 2 
Similarly, : 
y y 
P (k-1)/k 1 (k-1)/k 1 )0.887/1-667 520 R Z 4 
T, =T} ska =T3} — = (1760 x(a) =612.2K 1 out 
P3 Fp 14 s 


Applying the first law to the constant-pressure heat addition process 2-3 produces 


din = Cp (T3 —T,) = (1.25 Btu/lbm- R)(1760 -1495)R = 331.3 Btu/lbm 


Similarly, 


Fou =Cp (T4 -T;) = (1.25 Btu/Ibm- R)(612.2—520)R = 115.3 Btu/lbm 


The net work production is then 


Wiet = Win — Vout = 331.3—115.3 = 216.0 Btu/lbm 
and 


1hp 
42.41 Btu/min 


net 


Wa = MWe = (100 lbm/min)(216.0 peu/bmy ) = 509.3 hp 
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9-93E A simple Brayton cycle with helium has a pressure ratio of 14. The power output is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Helium is an ideal gas with constant specific heats. 


Properties The properties of helium at room temperature are c, = 1.25 Btu/Ibm-R and k= 1.667 (Table A-2Ea). 


Analysis For the compression process, 


(k-1)/k 
P 
T>, = (2 =i! = (520 Ray a1 405R 


P, 
h». —h c, (T; -T TT 
No = 2s 1_ ~p\ 2s 1) >T, =T, + 2s 1 
hy —hy Cp (To -T,) 1c 


= 520 + 1422 220 _1546R 
0.95 


For the isentropic expansion process, 
(k-1)/k (k-Dik 0.667/1.667 
P, 1 1 
T, =T3;) — =T,| — = (1760 R) — =612.2R 
P; rp 14 
Applying the first law to the constant-pressure heat addition process 2-3 produces 


din = Cp (T3 -T,) = (1.25 Btu/Ibm- R)(1760-1546)R = 267.5 Btu/lbm 


Similarly, 


Gout = Cp (T4 —T,) = (1.25 Btu/Ibm - R)(612.2—520)R = 115.3 Btu/Ibm 


The net work production is then 


Wnet = qin — Gou: = 267.5—-115.3 = 152.2 Btu/lbm 


and 


1hp 


W.. = rhw ~ = (100 Ibm/min)(152.2 Btu/Ibm)} ———— 
a net = X (sz Btu/min 


= 358.9 hp 
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9-94 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The effects of non-isentropic compressor and turbine on the back-work ratio is to be compared. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k= 1.4 (Table A-2a). 


Analysis For the compression process, 


(k-1)/k 

T>, = (2 = (288 K)(12)°“4 =585.8K 
1 

h» -h _ €p (Tzs -T,) 

hy -h cp (T -T,) 1c 

„ 585.8 — 288 


1c = 


= 288 =618.9K 


For the expansion process, 
(k-1)/k 0.4/1.4 
P, 1 
Tı; =T}| — = (873 K) — =429.2 K 
P} 12 


hy—hy _ €p(T3 -T4) 
h3—hg, cp(T3-Ta4s) 


> T4 =T; -r (T3 -T45 ) 
= 873- (0.90)(873— 429.2) 
= 473.6K 


1r = 


The isentropic and actual work of compressor and turbine are 


Weomps = € p (Tos —T,) = (1.005 kJ/kg K)(585.8— 288)K = 299.3 kJ/kg 
Weomp = Cp (T> —T,) = (1.005 kJ/kg - K)(618.9 — 288)K = 332.6 kJ/kg 
Wourbs = €p (T3 —T4s) = (1.005 kJ/kg - K)(873— 429.2)K = 446.0 kJ/kg 
Woub = Cp (T3 — T4) = (1.005 kJ/kg K)(873-473.6)K = 401.4 kJ/kg 


The back work ratio for 90% efficient compressor and isentropic turbine case is 


_ Wcomp _ 332.6 kJ/kg _ 


w= = 0.7457 
Wrubs 446.0 KJ/kg 


Ny 


The back work ratio for 90% efficient turbine and isentropic compressor case is 


| Weomp,s _ 299.3 kJ/kg _ 


™ 0.7456 
Wamp  401.4kJ/kg 


Ny 


The two results are almost identical. 
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9-95 A gas turbine power plant that operates on the simple Brayton cycle with air as the working fluid has a specified 
pressure ratio. The required mass flow rate of air is to be determined for two cases. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
cp = 1.005 kJ/kg-K and k= 1.4 (Table A-2). 


Analysis (a) Using the isentropic relations, 


P (k-1)/k 
Tə; = nf 2 ) = (300 K)(12)’*"* = 610.2 K 


P (k-1)/k 1 0.4/1.4 
T,, =T3| — = (1000 K) — =491.7K 
P 12 


3 


Wecin = has =h, =C, (Tzs —T,) = (1.005 kJ/kg -K (610.2 -300)K = 311.75 kJ/kg 
We-rout = 3 —hys = € p (T3 —T4s ) = (1.005 kJ/kg - K 1000 - 491.7)K = 510.84 kJ/kg 
W, netout = Ws T,out —Ws,cin = 510.84- 311.75 =199.1 kJ/kg 
W, 70,000 kJ/ 
mio etot 5 L352 kg/s 


S w -199.1 kJ/kg 


s,net,out 


(b) The net work output is determined to be 


Wa net,out = Wa T,out —Wacin =r Ws T,out = Ws cin Ne 
= (0.85\510.84)—311.75/0.85 = 67.5 kJ/kg 


_ Wretour _ 70,000 kJ/s 


67.5 kJ/kg 


m 


= 1037 kg/s 


a 


Wa,net,out 
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9-96 An actual gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to 
drive the compressor and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17. 


Analysis (a) Using the isentropic relations, 


T,=300K —> h, =300.19kJ/kg 


T, =580K ——> hy, =586.04kJ/kg 950 kJ/kg 


P, _ 700 _. 580 K 


r= = —— = 
P P 100 
din = h; —hy ——> h; =950+586.04 = 1536.04kJ/kg 300 K 
> P,, = 474.11 


P 1 
P, = B P. = (Eara = 67.73 > hy, = 905.83 kJ/kg 


Wein = hy — hy, = 586.04 — 300.19 = 285.85 kJ/kg 
Wrout =r (hg — has )= (0.86)1536.04 - 905.83) = 542.0 kJ/kg 
Thus, 


_ Woin _ 285.85 kJ/kg 
" Wio 542.0 kJ/kg 


Ny = 52.7% 


(b) Waetout = Wt out — Wein = 542.0— 285.85 = 256.15 kJ/kg 


Wretout _ 256.15 kJ/kg 
din 950 kJ/kg 


Nn = = 27.0% 
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9-97 A gas-turbine power plant operates at specified conditions. The fraction of the turbine work output used to drive the 
compressor and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard 
assumptions are applicable. 3 Kinetic and potential energy changes are 
negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
cp = 1.005 kJ/kg-K and k= 1.4 (Table A-2). 


Analysis (a) Using constant specific heats, 
P, 700 
p = —— = ——— = 7 
P, 100 


qin = hz -h3 =c, -T,)—> T; =T, +qin/Cp 
= 580 K + (950 kJ/kg)/(1.005 kJ/kg - K) 
= 1525.3 K 


P (k-1)/k 1 0.4/1.4 
Ty = |2) =(1525.3 K{3) =874.8K 
P 7 


3 


Wein = hy —h, =c, (T, — T, )= (1.005kJ/kg -K {580 - 300)K = 281.4 kJ/kg 
Wr ou = Mr (hz — has )= nrc p (T3 —T4s )= (0.861.005 kJ/kg - K (1525.3 -874.8)K = 562.2 kJ/kg 
Thus, 


_ Wein _ 281.4 kJ/kg _ 
Y Wiot 562.2 kJ/kg 


Np 50.1% 


(b) Waetout = Wrout Wein = 562.2 — 281.4 = 280.8 kJ/kg 


Wretout _ 280.8 kJ/kg _ 
qin 950 kJ/kg 


Nin = 29.6% 
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9-98 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The pressure ratio and the 
rate of heat input are given. The net power and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k= 1.4 (Table A-2a). 


Analysis For the isentropic compression process, 
Sire =(273 WO) t= 527K 
The heat addition is 


Qin _ 500kW 


din = 5 Ike% = 500 kJ/kg 
Applying the first law to the heat addition process, 273K 
din = Cp (T3 -T>) 
Ty =T, + - = 527.1K + OS K 1025 


The temperature at the exit of the turbine is 


1 (k-1)/k 1 \0414 
T, =T: = (1025 K) — = 530.9K 
waa 10 


Applying the first law to the adiabatic turbine and the compressor produce 


wr =c, (T3 —T,) = (1.005 kJ/kg - K)(1025-530.9)K = 496.6 kJ/kg 


wc =c, (T, —T,) = (1.005 kJ/kg K)(527.1- 273)K = 255.4 kJ/kg 


The net power produced by the engine is then 


Wnet = (wq — we) = (Lkg/s)(496.6 — 255.4)kJ/kg = 241.2 kW 


Finally the thermal efficiency is 


W, . 
ny -Ve = 241 O aga 
Qn 500kW 
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9-99 An aircraft engine operates as a simple ideal Brayton cycle with air as the working fluid. The pressure ratio and the 
rate of heat input are given. The net power and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k= 1.4 (Table A-2a). 
Analysis For the isentropic compression process, 

Shr =(273 Ws): 2S Sook. 
The heat addition is 


qin = Qin H PUEN caii kJ/kg 
m 1kg/s 


Applying the first law to the heat addition process, 


din =c)(T3 —T)) 
qin 


Cp 


500 kJ/kg 
1.005 kJ/kg -K 


T3 =T, +2 =591.8K + =1089K 


The temperature at the exit of the turbine is 


1 (k-1)/k 1 \0414 
T, =T: = (1089 K) — =502.3K 
ais Ce 15 


Applying the first law to the adiabatic turbine and the compressor produce 


wr =c, (T3 —T4) = (1.005 kJ/kg - K)(1089-502.3)K = 589.6 kJ/kg 


wc =c, (T, -T,) = (1.005 kJ/kg K)(591.8 - 273)K = 320.4 kJ/kg 


The net power produced by the engine is then 


Wnet = (wa — Wc) = (1 kg/s)(589.6 -320.4)kJ/kg = 269.2 kW 


Finally the thermal efficiency is 


W i 
jan SON eag 
Q, 500kW 
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9-100 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal 
efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 


an ideal gas with variable specific heats. 
Combustion 
chamber 


Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). 


Analysis (a) For this problem, we use the properties from EES software. 
Remember that for an ideal gas, enthalpy is a function of temperature 
only whereas entropy is functions of both temperature and pressure. 


Process 1-2: Compression 


T, = 40°C —> h; = 313.6 kJ/kg 


T, = 40°C 

s4 =5.749 kJ/kg -K 
P, =100 kPa 
P, = 2000 kPa 


100 kPa 


[as = 736.7 kJ/kg 
40°C 


Sy = S4 = 5.749 kJ/kg.K 


h>, —h 736.7 — 313.6 
Nc =i > 0.85 = 


h, —hy h, —313.6 


>h, =811.4 kJ/kg 


Process 3-4: Expansion 
T, = 650°C >h; = 959.2 kJ/kg 
h, —hy 


h, -959.2 
Nr = > 0.88 = 
hz ~ has hz a Nags 


We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic 


efficiency relation, we find h; = 1873 kJ/kg, T; = 1421°C, s3 = 6.736 kJ/kg.K. The solution by hand would require a trial- 
error approach. 


h_3=enthalpy(Air, T=T_3) 
s_3=entropy(Air, T=T_3, P=P_2) 
h_4s=enthalpy(Air, P=P_1, s=s_ 3) 


The mass flow rate is determined from 


os PY, _ (100 kPa)(700/60 më /s) 
RT, (0.287 kPa-m°/kg -K [40 + 273 K) 


= 12.99 kg/s 


The net power output is 
Wein =m(h, —h,) = (12.99 kg/s)(811.4 — 313.6)kJ/kg = 6464 kw 
Wr out = m(h; — h4) = (12.99 kg/s)(1873 — 959.2)kJ/kg = 11,868 kw 

Wnet = Wr out —Wein = 11868 — 6464 = 5404 kW 

(b) The back work ratio is 

Wom _ 6464kW _ 


: 0.545 
Wrou 11,868 kW 


ow 


(c) The rate of heat input and the thermal efficiency are 


Qin = m(h; — hy) = (12.99 kg/s)(1873— 811.4)kJ/kg = 13,788 kW 


Ware _ 5404kW 
Qa 13,788 kW 


Nin = = 0.392 =39.2% 
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9-101 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits. 
The cycle is to be sketched on the T-s cycle and the isentropic efficiency of the turbine and the cycle thermal efficiency are 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given as c, = 0.718 kJ/kg-K, 
Cp = 1.005 kJ/kg-K, R = 0.287 kJ/kg:K, k = 1.4. 


Analysis (b) For the compression process, 


Weomp = Mt p(T, —T,) 873 K 
= (200 kg/s)(1.005 kJ/kg - K)(330 - 30)K 
= 60,300 kW 
For the turbine during the isentropic process, 303 K 
(k-1)/k 0.4/1.4 
P 
Ea eS = (1400 Ky 100 Pa =772.9K 
P, 800 kPa 


Werurbs = Mc „ (T3 —T4s ) = (200 kg/s)(1.005 kJ/kg - K)(1400 — 772.9)K = 126,050 kw 
The actual power output from the turbine is 
Wnet = Wau = Weomp 
Wer = Wnet + Wiru = 60,000 + 60,300 = 120,300 kw 


The isentropic efficiency of the turbine is then 


Wau _ 120,300 kW 


l = 0.954 = 95.4% 
Wirus 126,050 kW 


1Tub = 


(c) The rate of heat input is 
Qin = mc , (T; — T3) = (200 kg/s)(1.005 kJ/kg - K)[(1400 — (330 + 273)]K = 160,200 kw 


The thermal efficiency is then 


W, 
Nh == 60,000 EW 9375 337.5% 
Qin  160,200kW 
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9-102 A modified Brayton cycle with air as the working fluid operates at a specified pressure ratio. The T-s diagram is to be 
sketched and the temperature and pressure at the exit of the high-pressure turbine and the mass flow rate of air are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given as cy = 0.718 kJ/kg:K, cp = 1.005 kJ/kg-K, R = 0.287 kJ/kg-K, k = 1.4. 


Analysis (b) For the compression process, 


(k-1)/k 
T, = nf > ) = (273 K)(8)°*!4 = 494.5 K 


‘i 1500 K 


The power input to the compressor is equal to the power output 
from the high-pressure turbine. Then, 


Wcomp,in = Wup Turb,out 
rhc (T, -T,) = mc „(T3 -T4) 273K 
j en opal ay Be 
T, =T; +T, —T) =1500 + 273- 494.5 = 1278.5 K 


The pressure at this state is 


poser Se 1 1278.5 K \4 04 
a > P4 =rP,| = 8(100 kea : ) = 457.3 kPa 
P; T3 T3 1500K 


(c) The temperature at state 5 is determined from 


(k-1)/k 0.4/1.4 

P. 100 kP 

T; 12 = (1278.5 Sec re = 828.1K 
4 ‘ 


The net power is that generated by the low-pressure turbine since the power output from the high-pressure turbine is equal 
to the power input to the compressor. Then, 


WEP Tub = mC , (T, -T;) 


wW 
p- Wembe 200,000 kW = 441.8 kg/s 


c,(T4-T;) (1.005 kJ/kg - K)(1278.5-828.1)K 
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9-103 A simple Brayton cycle with air as the working fluid operates at a specified pressure ratio and between the specified 
temperature and pressure limits. The cycle is to be sketched on the T-s cycle and the volume flow rate of the air into the 
compressor is to be determined. Also, the effect of compressor inlet temperature on the mass flow rate and the net power 
output are to be investigated. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air are given as c, = 0.718 kJ/kg:K, c, = 1.005 kJ/kg-K, R = 0.287 kJ/kg:K, k = 1.4. 


Analysis (b) For the compression process, 


P (k-1)/k 
T>, = (2 = (273K)(7)°""4 = 476.0K 
1 
n = Weomps = mc , Ts T T,) = Tə; Ji Ti 
G 3 
“52 Wcomp MC,)(,2-T%) D-T 
476.0 — 273 
0.80 = >T, =526.8K 
T, - 273 


For the expansion process, 


p (k-1)/k 1 0.4/1.4 
T,, =T3| —* = (1500 (2) =860.3K 
P; 7 


Wrup _ C(s -T4) T-T, 


1Turb =~ ; 
p Wrurb,s mC p (T; z Tas ) T3 = Tss 
1500 —T. 
0.90 = 4 >T, =924.3K 
1500 — 860.3 


Given the net power, the mass flow rate is determined from 


Wnet T Wour T Weeks a mc , (T; a T4) = mC, (T T T,) 
Wnet = INC, [T -T,)- (T, - T,)] 
m — Wnet 
c, (T -T,)- (T, - T,)| 
7 150,000 kW 
(1.005 kJ/kg - K)|(1500 — 924.3) — (526.8 — 273)| 


= 463.7 kg/s 


The specific volume and the volume flow rate at the inlet of the compressor are 


RT, _ (0.287 kJ/kg -K)(273K) 
P, 100 kPa 


v= = 0.7835 m°/kg 
Ü, = my = (463.7 kg/s)(0.7835 m?/kg) = 363.2 m3/s 
(c) For a fixed compressor inlet velocity and flow area, when the compressor inlet temperature increases, the specific 


: i RT “ia g ; . v 
volume increases since v = P When specific volume increases, the mass flow rate decreases since m = — . Note that 
v 


volume flow rate is the same since inlet velocity and flow area are fixed (Ù =AV ). When mass flow rate decreases, the net 
power decreases since Wye, = (Wry — Wcomp ) - Therefore, when the inlet temperature increases, both mass flow rate and 


the net power decrease. 
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9-79 


Brayton Cycle with Regeneration 


9-104C Regeneration increases the thermal efficiency of a Brayton cycle by capturing some of the waste heat from the 
exhaust gases and preheating the air before it enters the combustion chamber. 


9-105C Yes. At very high compression ratios, the gas temperature at the turbine exit may be lower than the temperature at 
the compressor exit. Therefore, if these two streams are brought into thermal contact in a regenerator, heat will flow to the 
exhaust gases instead of from the exhaust gases. As a result, the thermal efficiency will decrease. 


9-106C The extent to which a regenerator approaches an ideal regenerator is called the effectiveness <, and is defined as 


E = regen, act / regen, max: 


9-107C (b) turbine exit. 


9-108C The steam injected increases the mass flow rate through the turbine and thus the power output. This, in turn, 
increases the thermal efficiency since 7 =W/Q,, and W increases while Qin remains constant. Steam can be obtained by 


utilizing the hot exhaust gases. 
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9-109 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are to be 
determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 


Analysis According to the isentropic process expressions for an ideal gas, 


har) = (293 KX(8)°4"4 = 530.8 K 


1 (k-1)/k 0.4/1.4 
T. = x - = (1073 Kf) =592.3K TE 
P 


When the first law is applied to the heat exchanger, the result is 


T; -T =T; -Te 
293 K 
while the regenerator temperature specification gives 


T; = T; —10 =592.3-10 = 582.3 K 
The simultaneous solution of these two results gives 
Ts =T; - (T, -T, ) = 592.3- (582.3 — 530.8) = 540.8 K 
Application of the first law to the turbine and compressor gives 
Wnet = Cp (T4 -T5)- cp (T -T)) 
= (1.005 kJ/kg -K)(1073 - 592.3) K - (1.005 kJ/kg - K)(530.8 — 293) K 


= 244.1 kJ/kg 
Then, 
W, 
m=—t = eS 0.6145 kg/s 
Waet  244.1kJ/kg 


Applying the first law to the combustion chamber produces 
Qin = mc „(T4 -T3 ) = (0.6145 kg/s)(1.005 kJ/kg - K)(1073 —582.3)K = 303.0 kW 


Similarly, 


Qoue = Mc p (Te —T,) = (0.6145 kg/s)(1.005 kJ/kg -K)(540.8 — 293)K = 153.0 kW 
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9-110 A Brayton cycle with regeneration produces 150 kW power. The rates of heat addition and rejection are to be 
determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 


Analysis For the compression and expansion processes we have 


Tzs = Tr = (293 KG)" = 530.8K T 
c, (D, -T T.. -T 1073 K 
No = p\ 2s 1) >T, =T, + 2s 1 
Cp (T, -T;) 1c 
530.8 — 293 
= 293+ = 566.3K 
293 K 
(k-1)/k 0.4/1.4 
T;, =T,| — = (1073 (2) =592.3K 
Fp 8 
cp (T4 -Ts) 
Nr = P > T; =T; -Nr (T4 - Tss) 
Cp (T, -Ts;) 
=1073- (0.93)(1073- 592.3) 
=625.9K 


When the first law is applied to the heat exchanger, the result is 
T; -T, = T; -Te 

while the regenerator temperature specification gives 
T; =T; —10 = 625.9-10 = 615.9K 

The simultaneous solution of these two results gives 


Tg =T; - (T3 —T,) = 625.9- (615.9 —566.3) = 576.3 K 


Application of the first law to the turbine and compressor gives 
Wnet = Cp (T; -T;)-c, T -T,) 
= (1.005 kJ/kg -K)(1073— 625.9) K — (1.005 kJ/kg - K)(566.3 — 293) K 


=174.7 kJ/kg 
Then, 
m= Waet = _150kW _ = 0.8586 kg/s 
Wret 174.7 kJ/kg 


Applying the first law to the combustion chamber produces 
Qin = mc „(T4 —T3) = (0.8586 kg/s)(1.005 kJ/kg - K)(1073 - 615.9)K = 394.4 kW 
Similarly, 


Qou = MC, (Te —T,) = (0.8586 kg/s)(1.005 kJ/kg - K)(576.3 - 293)K = 244.5 kW 
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9-111 A Brayton cycle with regeneration is considered. The thermal efficiencies of the cycle for parallel-flow and counter- 
flow arrangements of the regenerator are to be compared. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis According to the isentropic process expressions for an ideal gas, 


aT SCI K)(7)°"4"4 =510.9K 


1 (k-D/k 190414 
T; = nf = (1000 (5) =573.5K 1000 K 
r 
Pp 


When the first law is applied to the heat exchanger as originally 


arranged, the result is 293 K 


T; -T =T; -Te 


while the regenerator temperature specification gives 

T; =T; -6 = 573.5- 6 = 567.5 K 
The simultaneous solution of these two results gives 

T; =T; —T3 +T, =573.5-567.5+ 510.9 = 516.9K 
The thermal efficiency of the cycle is then 


Aout =1 Te -T =] 516.9 — 293 


ms <1 n n to00-se75 
For the rearranged version of this cycle, 
T; =T -6 
An energy balance on the heat exchanger gives 
T; -T =T; -T; 
The solution of these two equations is 
T; =539.2 K 
T; =545.2K 
The thermal efficiency of the cycle is then 
Pai dout _ 4 Ts -T, “4 545.2- 293 _ 0.453 


din T, -Ts 1000 — 539.2 
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9-112E An ideal Brayton cycle with regeneration has a pressure ratio of 11. The thermal efficiency of the cycle is to be 
determined with and without regenerator cases. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 


Analysis According to the isentropic process expressions for an ideal gas, 


Derr )* = (560 R)(11)°4"4 =1111R 


1 (k-D)/k 10414 
T. = {2 = (2400 oE) =1210R 


p 
The regenerator is ideal (i.e., the effectiveness is 100%) and thus, 
T; =T; =1210R 
Ts =T, =1111R 


The thermal efficiency of the cycle is then 


don, Te -Ti 4 1111-560 
din ee 2400 —1210 


= 0.537 = 53.7% 


Mn =1 


The solution without a regenerator is as follows: 


Lorn = (560 R)(11)°4"4 =1111R 


1 (k-D/k 1044 
T, =T; 5 = (2400 Rí ) =1210R 


3 11 
T, -T, — 
ig =1- f -1-4 1 11210-560 0.496 = 49.6% 
= G-T, — 240-1111 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-84 


9-113E A car is powered by a gas turbine with a pressure ratio of 4. The thermal efficiency of the car and the mass flow 
rate of air for a net power output of 95 hp are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 The ambient air is 540 
R and 14.5 psia. 4 The effectiveness of the regenerator is 0.9, and the isentropic efficiencies for both the compressor and 
the turbine are 80%. 5 The combustion gases can be treated as air. 


Properties The properties of air at the compressor and turbine inlet temperatures can be obtained from Table A-17E. 
Analysis The gas turbine cycle with regeneration can be analyzed as follows: 


h, =129.06 Btu/Ibm 


fpo on Pe = 1.386 


r- 


P= bp = (4)(1.386)= 5.544 ——> h,, =192.0 Btu/lbm 
1 


h, = 549.35 Btu/Ibm 
T; = 2160 R —> 


P,, = 230.12 
P, 1 
P, =—4p =| = |(230.12)= 57.53 > hy, = 372.2 Btu/lbm 
4 BR P (4 
3 5 
and 
h>, —h 192.0 -129.06 
Neomp =——— > 0.80= > h, = 207.74 Btu/lbm 
hy =h; hy -129.06 
h; —h 549.35- h 
Nub = —— > 0.80= 4_ > h, = 407.63 Btu/lbm 
hah. 549.35 — 372.2 


Then the thermal efficiency of the gas turbine cycle becomes 


regen = £(h4 — hy) = 0.9(407.63 - 207.74) = 179.9 Btu/lbm 


Gin = (hy — h3) — qregen = (649.35 — 207.74) -179.9 = 161.7 Btu/Ibm 
Waetout = Wrout ~Wein = (hs —hy)— (hz — h; ) = (549.35 — 407.63) — (207.74 - 129.06) = 63.0 Btu/Ibm 


g, -Yro _ 63.0 Bw/lbm _ 5 59 _ 390, 
= = =U. = (i 
h dma 161.7 Btu/lbm 


Finally, the mass flow rate of air through the turbine becomes 


, W net 95hp 0.7068 Btu/s 
Mir = E | 
w 63.0 Btu/lbm 1hp 


net 


) = 1.07 lbm/s 
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9-114 D The thermal efficiency and power output of an actual gas turbine are given. The isentropic efficiency of the 
turbine and of the compressor, and the thermal efficiency of the gas turbine modified with a regenerator are to be 
determined. 


Assumptions 1 Air is an ideal gas with variable specific heats. 2 Kinetic and potential energy changes are negligible. 3 The 
mass flow rates of air and of the combustion gases are the same, and the properties of combustion gases are the same as 
those of air. 


Properties The properties of air are given in Table A-17. 
Analysis The properties at various states are 


h, = 303.21 kJ/kg 
” P, =1.4356 


T, =30°C = 303 K 


P 
P, = rae = (14.7\(1.4356) = 21.10 —-> h,, = 653.25 kJ/kg 


n 
1 


h, =1710.0 kJ/kg 
P, =712.5 


r 


T, =1288°C =1561 K —> 


P 1 
= BP = (es 48.47 —> h,, =825.23 kJ/kg 


The net work output and the heat input per unit mass are 


Waea _ 159,000kW (3600s 
net m  1,536,000kg/h\ 1h 


) = 372.66 kJ/kg 


Woet _ 372.66 KJ/KS _ 1938.9 Krk 

Th 0.359 

Gin = hg -h, —> hy =h; -qn =1710 -1038 = 672.0 kJ/kg 
Gout = qin — Wnet = 1038.0 — 372.66 = 665.34 kJ/kg 


out =h} -h > Ny =o: +h = 665.34 + 303.21= 968.55 kJ/kg > T, =931.7 K =658.7°C 


qin z 


Then the compressor and turbine efficiencies become 


h,—h, 1710 -968.55 
qe = 0.838 = 83.8% 

h —hy, 1710-825.23 

hy, —h, _ 653.25 — 303.21 


moh  672-303.21 


= 0.949 = 94.9% 


1c = 


When a regenerator is added, the new heat input and the thermal efficiency become 
regen = £€(h4 — hz ) = (0.65)(968.55 - 672.0) = 192.8 kJ/kg 
Ginnew = Tin ~ regen = 1038 — 192.8 = 845.2 kJ/kg 
w 


net _ 372.66 KIAS _ 9 ya = 44.1% 


7 thnew = Chasis 845.2 kJ/kg 


Discussion Note a 65% efficient regenerator would increase the thermal efficiency of this gas turbine from 35.9% to 
44.1%. 
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EES 
9-115 Problem 9-114 is reconsidered. A solution that allows different isentropic efficiencies for the compressor and 
turbine is to be developed and the effect of the isentropic efficiencies on net work done and the heat supplied to the cycle is 
to be studied. Also, the T-s diagram for the cycle is to be plotted. 


Analysis Using EES, the problem is solved as follows: 


"Input data" 

T[3] = 1288 [C] 

Pratio = 14.7 

T[1] = 30 [C] 

P[1]= 100 [kPa] 

{T[4]=659 [C]} 

{W_dot_net=159 [MW] }"We omit the information about the cycle net work" 
m_dot = 1536000 [kg/h]*Convert(kg/h,kg/s) 

{Eta_th_noreg=0.359} "We omit the information about the cycle efficiency." 
Eta_reg = 0.65 

Eta_c = 0.84 "Compressor isentropic efficiency" 

Eta_t = 0.95 "Turbien isentropic efficiency" 


"Isentropic Compressor anaysis" 

s[1J=ENTROPY (Air, T=T[1],P=P[1]) 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 
P[2] = Pratio*P[1] 

s_s[2J=ENTROPY (Air, T=T_s[2],P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = W_dot_compisen/W_dot_comp 

"compressor adiabatic efficiency, W_dot_comp > W_dot_compisen" 


"Conservation of energy for the compressor for the isentropic case: 
E_dot_in - E_dot_out = DELTAE_dot=0 for steady-flow" 
m_dot*h[1] + W_dot_compisen = m_dot*h_s[2] 
h[1J=ENTHALPY (Air, T=T[1]) 

h_s[2]=ENTHALPY (Air, T=T_s[2]) 


"Actual compressor analysis:" 
m_dot*h[1] + W_dot_comp = m_dot*h[2] 
h[2]=ENTHALPY (Air, T=T[2]) 
s[2]=-ENTROPY (Air, T=T[2], P=P[2]) 


"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
E_dot_in - E_dot_out =DELTAE_dot_cv =0 for steady flow" 
m_dot*h[2] + Q_dot_in_noreg = m_dot*h[3] 
q_in_noreg=Q_dot_in_noreg/m_dot 

h[3]=ENTHALPY (Air, T=T[3]) 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 


"Turbine analysis" 

s[3]=ENTROPY (Air, T=T[3], P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[3] /Pratio 

s_s[4J=ENTROPY (Air, T=T_s[4],P=P[4])"T_s[4] is the isentropic value of T[4] at turbine exit" 
Eta_t = W_dot_turb /W_dot_turbisen "turbine adiabatic efficiency, W_dot_turbisen > W_dot_turb" 


"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
E_dot_in -E_dot_out = DELTAE_dot_cv = 0 for steady-flow" 

m_dot*h[3] = W_dot_turbisen + m_dot*h_s[4] 
h_s[4J=ENTHALPY (Air, T=T_s[4]) 
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"Actual Turbine analysis:" 

m_dot*h[3] = W_dot_turb + m_dot*h[4] 
h[4]=ENTHALPY (Air, T=T[4]) 
s[4]=ENTROPY (Air, T=T[4], P=P[4]) 


"Cycle analysis" 

"Using the definition of the net cycle work and 1 MW = 1000 kW:" 
W_dot_net*1000=W_dot_turb-W_dot_comp "kJ/s" 
Eta_th_noreg=W_dot_net*1000/Q_dot_in_noreg"Cycle thermal efficiency" 
Bwr=W_dot_comp/W_dot_turb"Back work ratio" 


"With the regenerator the heat added in the external heat exchanger is" 
m_dot*h[5] + Q_dot_in_withreg = m_dot*h[3] 
qg_in_withreg=Q_dot_in_withreg/m_dot 


h[5]-ENTHALPY (Air, T=T[5]) 
s[5]=ENTROPY (Air, T=T[5], P=P[5]) 
P[S]=P[2] 


"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta_reg = (h[5]-h[2])/(h[4]-h[2]) 

"Energy balance on regenerator gives h[6] and thus T[6] as:" 
m_dot*h[2] + m_dot*h[4]=m_dot*h[5] + m_dot*h[6] 
h[6]=ENTHALPY (Air, T=T[6]) 

s[6J]=ENTROPY (Air, T=T[6], P=P[6]) 

P[6]=P[4] 


"Cycle thermal efficiency with regenerator" 
Eta_th_withreg=W_dot_net*1000/Q_dot_in_withreg 


"The following data is used to complete the Array Table for plotting purposes." 
s_s[1]=s[1] 

T_s[1]=T[1] 

s_s[3]=s[3] 

T_s[3]=T[3] 

s_s[5]=ENTROPY (Air, T=T[5],P=P[5]) 

T_s[5]=T[5] 

s_s[6]=s[6] 

T_s[6]=T[6] 
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Nt Nc Nth, noreg Nth,withreg Qinnoreg Qinwithreg Whet 
[kW] [kW] [kW] 
0.7 0.84 0.2044 0.27 422152 319582 86.3 
0.75 0.84 0.2491 0.3169 422152 331856 105.2 
0.8 0.84 0.2939 0.3605 422152 344129 124.1 
0.85 0.84 0.3386 0.4011 422152 356403 142.9 
0.9 0.84 0.3833 0.4389 422152 368676 161.8 
0.95 0.84 0.4281 0.4744 422152 380950 180.7 
1 0.84 0.4728 0.5076 422152 393223 199.6 
T-s Diagram for Gas Turbine with Regeneration 

200 

180 

160 


= 100 kPa 
9, 
e. 
4.5 50 5.5 6.0 6.5 7.0 7.5 8.0 8.5 
s [kJ/kg-K] 
430000 
410000 no regeneration 
A 390000 Pa 
E t 7 
‘O 370000; . 
with regeneration Pr 
350000 os 
330000 i 
310000 , , 
0.7 0.75 0.8 0.85 0.9 0.95 1 


80 1 
0.7 0.75 0.8 0.85 0.9 0.95 1 
Nt 
0.55 : 
0.5 ae 
0.45 ja] 
L with regeneratio 
0.4 


es 


0.35 rae 


no regeneration 


0.7 0.75 


0.8 


0.9 


0.95 1 
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9-89 


9-116 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine 
exit, the net work output, and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air 
is an ideal gas with variable specific heats. 3 Kinetic and potential T 
energy changes are negligible. 


Properties The properties of air are given in Table A-17. 
Analysis (a) The properties of air at various states are 


h, = 310.24 kJ/kg 


eis P, = 1.5546 


r. 


r2 


P 
P, = pin = (71.5546) = 10.88 —> h,, = 541.26 kJ/kg 
1 


ho, —h 
Ne F > h, = h, +(hħ; -h )/ Nc =310.24+ (541.26 -310.24)/(0.75) = 618.26 kJ/kg 
a, AL 
h, =1219.25 kJ/kg 
LS P,, = 200.15 
P, 1 
P., A AR (200.15)= 28.59 —> h,, = 711.80 kJ/kg 
h, —h, 
i > hy = h; -nr (hz —hy, )= 1219.25 —(0.82)(1219.25 — 711.80) = 803.14 kJ/kg 
3 4g 
Thus, 
T, = 782.8K 


(b) Wiet = WT, out z Wcin 7 (h; a hy )- (h, = h,) 
= (1219.25 -803.14)— (618.26 — 310.24) 
= 108.09 kJ/kg 


h; -h, 


(c) E > h; =h, +e(h, —hy) 
hy —hy 
= 618.26 + (0.65\(803.14 — 618.26) 
= 738.43 kJ/kg 
Then, 


din = hg — h; =1219.25—738.43 = 480.82 kJ/kg 


Waet _ 108.09 kJ/kg _ 
din 480.82 kJ/kg 


22.5% 


Ith = 
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9-117 A stationary gas-turbine power plant operating on an ideal regenerative Brayton cycle with air as the working fluid is 
considered. The power delivered by this plant is to be determined for two cases. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas. 3 Kinetic and potential energy changes 
are negligible. 


Properties When assuming constant specific heats, the properties of air at room temperature are c, = 1.005 kJ/kg.K and 
k = 1.4 (Table A-2a). When assuming variable specific heats, the properties of air are obtained from Table A-17. 


Analysis (a) Assuming constant specific heats, 


(k-1)/k 
P 
T, = nf = = (290 KX8)°""* =525.3K 
1 


P (k-1)/k 1244 
T, = rf | = (1100 Kz] = 607.2 K 
P 8 


3 


£ =100% > T; =T, = 607.2 K and T; =T, =525.3K 
crfs-T) | Ts-t į _ 525.3- 290 


dout 
Sisal = = 0.5225 
G din Cp (T; -T;) T3 -T; 1100 —607.2 
Woet = 7 Qin = (0.5225\(75,000 kW) = 39,188 kW 


(b) Assuming variable specific heats, 


h, = 290.16 kJ/kg 
T, = 290K —> 


P,, =1.2311 
P 
pos r = (8)(1.2311) = 9.8488 ——> h, = 526.12 kJ/kg 


h, =1161.07 kJ/kg 
P,, =167.1 


r 


T =1100K —> 


P 
P, =P, = PCA 20.89 > hy = 651.37 kJ/kg 
4 P} 3 8 


£ =100% ——> h; = h, = 651.37 kJ/kg and hę = h, = 526.12 kJ/kg 
hę -h = 

phy 52612-29016 _ | cao, 
a hy — hs 1161.07 — 651.37 


Wet = 7r Qin = (0.5371)(75,000 kw) = 40,283 kW 


— Gout _ 4 _ 


Mn =1 
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9-118 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A-17. 
Analysis (a) The properties at various states are 


r, = P, / P, =900/100=9 


T, =310 K —> h, =310.24 kJ/kg 
T, = 650 K —> h, = 659.84 kJ/kg 
T} =1400 K —> h, =1515.42 kJ/kg 


P,, = 450.5 : 

P 
P, = = P,, -(5 |505)- 50.06 —> h,, =832.44 kJ/kg 

3 

h; -h 
D > hy =h; — nr (h; — hys ) 

ee = 1515.42 — (0.90)(1515.42 — 832.44) 

= 900.74 kJ/kg 


regen = (hy — hy) =(0.80)900.74 — 659.84) = 192.7 kJ/kg 


(b) Wnet = Wr,out — Wc,in = (h, hy) (hy h) 
= (1515.42 — 900.74) — (659.84 — 310.24) = 265.08 kJ/kg 


qin = (h; — hy )— qregen = (1515.42 — 659.84) — 192.7 = 662.88 kJ/kg 


y, = Yre = 265.08 KIKS _ O 400 -40.0% 
qin 662.88 kJ/kg 
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9-119 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air at room temperature are 
Cp = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 


Analysis (a) Using the isentropic relations and turbine efficiency, 


r, = P, / P, =900/100=9 


P (k-1)/k 1\04/14 
Ty, = (2) =(1400 K() =747.3K 
P 9 


h, -h c,\I3 -T 
1, = 3 a p(T a) > T4 =T, -Nr (Ta -T4;) 


hs hig cp(T3 -T4s) =1400 —(0.90)(1400 — 747.3) 
= 812.6 K 
desen = (ha =h )= scp (T4 =T, )= (0.801.005 ki/kg :K)(812.6— 650)K = 130.7 kalkg 


(b) Wnet 7 WT out z Won = Cp (T; J T, ) E Cp (T, = T,) 
= (1.005 kJ/kg - K)[(1400 - 812.6) - (650 - 310)|K = 248.7 kJ/kg 
din = (h; E h, ) T Tregen z Cp (T; E T, ) 7 Tregen 
= (1.005 kJ/kg - K)(1400 — 650)K -130.7 = 623.1 kJ/kg 


Waet _ 248.7 kJ/kg 


= 0.399 = 39.9% 
qa 623.1 kJ/kg 


1th = 
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9-120 A regenerative gas-turbine engine using air as the working fluid is considered. The amount of heat transfer in the 
regenerator and the thermal efficiency are to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A-17. 
Analysis (a) The properties at various states are 

r, = P, / P =900/100=9 

T, =310 K —> h =310.24 kJ/kg 


T, = 650 K —> h, = 659.84 kJ/kg 
T} =1400 K—> h; =1515.42 kJ/kg 


P,, = 450.5 S 
P 
P, = A P,, = [= \as05)- 50.06 > hy, = 832.44 kJ/kg 
3 
h, —h 
1r = + > hy =h; — z (hy — h4, ) 
hg ~ has 


= 1515.42 —(0.90)(1515.42 — 832.44) 
= 900.74 kJ/kg 
regen = £(h4 — hy )= (0.70(900.74 — 659.84) = 168.6 kJ/kg 


(b) Wnet = WT out — Wein = (h; F h4)- (h, 7 h) 
= (1515.42 — 900.74) - (659.84 — 310.24) = 265.08 kJ/kg 
qin = (hg — hy) — regen = (1515.42 — 659.84) — 168.6 = 687.18 kJ/kg 


Woet _ 265.08 KINE _ 9 350 38 604 
in 687.18 kJ/kg 


Ih = 
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9-94 
9-121 An expression for the thermal efficiency of an ideal Brayton cycle with an ideal regenerator is to be developed. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Analysis The expressions for the isentropic compression and expansion processes are 
_ mp „(k-1)/k 
T, =Tr; 


i (k-1)/k 
T, =T;| — 
lp 
For an ideal regenerator, 
Tesli 
Ty =T> 


The thermal efficiency of the cycle is 


Aout -1 Te -Ti -1 T, (Te /Tı)-1 
din T; -T5 T; 1- (T; /T3) 
2/1) 
T; 1- (T, /T3) 


T, pint 1 


~ (k/k 
T3 1 rp 


Nin =1 


T, 
=1- ab eis 
T; 
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Brayton Cycle with Intercooling, Reheating, and Regeneration 


9-122C As the number of compression and expansion stages are increased and regeneration is employed, the ideal Brayton 
cycle will approach the Ericsson cycle. 


9-123C Because the steady-flow work is proportional to the specific volume of the gas. Intercooling decreases the average 
specific volume of the gas during compression, and thus the compressor work. Reheating increases the average specific 
volume of the gas, and thus the turbine work output. 


9-124C (a) decrease, (b) decrease, and (c) decrease. 


9-125C (a) increase, (b) decrease, and (c) decrease. 


9-126C (a) increase, (b) decrease, (c) decrease, and (d) increase. 


9-127C (a) increase, (b) decrease, (c) increase, and (d) decrease. 


9-128C (c) The Carnot (or Ericsson) cycle efficiency. 
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9-129 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work 
ratio and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal 
gas with variable specific heats. 3 Kinetic and potential energy changes are 
negligible. 


Properties The properties of air are given in Table A-17. 


Analysis (a) The work inputs to each stage of compressor are identical, so are 
the work outputs of each stage of the turbine since this is an ideal cycle. Then, 
h; = 300.19 kJ/kg 


f= P,, =1.386 


P 
P, = en = (3\(1.386) = 4.158 —> h = hy = 411.26 kJ/kg 
1 


Ww) 


h; = h, =1277.79 kJ/kg 
P,, = 238 


r: 


T; =1200 K —> 


P, 
p, =p, = (= \ea8)- 79.33 —> hg = hy = 946.36 kJ/kg 
5 
Wein = hy —h; )= 2(411.26 — 300.19) = 222.14 kJ/kg 


Wz out = 2(hs —hg )= 2(1277.79 - 946.36) = 662.86 kJ/kg 


Thus, 


Woin _ 222.14 kJ/kg _ 


w= 33.5% 
Wro 662.86 kJ/kg 


rh 


din = (hs — h4 )+ (h; —hg )= (1277.79 — 411.26)+ (1277.79 — 946.36) = 1197.96 kJ/kg 


Wnet = Wrout — Wein = 662.86 — 222.14 = 440.72 kJ/kg 


Wnet _ 440.72 kJ/kg 
in 1197.96 kJ/kg 


= 36.8% 


17ih = 


(b) When a regenerator is used, ryw remains the same. The thermal efficiency in this case becomes 


regen = (hg — hy) = (0.75) 946.36 - 411.26) = 401.33 kJ/kg 
din = inold — Tregen =1197.96 — 401.33 = 796.63 kJ/kg 


440.72 KJ/k 
Ny = = 8 255.3% 
dn 796.63 kJ/kg 
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9-130 A gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work ratio 
and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of air are given in Table A-17. 


Analysis (a) The work inputs to each stage of compressor are identical, so are the work outputs of each stage of the turbine. 
Then, 


T, = 300 K —> h, =300.19 kJ/kg 
P, =1.386 


P 
P =e = (3)(1.386) = 4.158 —> h», = hy, =411.26 kJ/kg 
1 


h>, -h 
1c = a. > h, =h4 =h; + (hy, -h )/ c 
PA =300.19 + (411.26 — 300.19)/(0.84) 
= 432.42 kJ/kg 


T; =1200 K —> h; =h, =1277.79 kJ/kg 


P,, = 238 
P; 1 
Eo aoe (238)= 79.33 —> he, = hg, = 946.36 kJ/kg 
5 
h; -h 
nr a hs =hg = hs — ny (hs — hes) 
Bie ee = 1277.79 — (0.88\1277.79 — 946.36) 
= 986.13 kJ/kg 
Wein = 2(hy — h; )= 2(432.42 — 300.19) = 264.46 kJ/kg 
Wrout = 2(hs — hg )= 2(1277.79 — 986.13) = 583.32 kJ/kg 
Thus, 
We: 
_ Wein _ 264.46 RIRE _ 9 son an 906 


Nw = = 
"  Wrour 583.32 kI/kg 


din = (hs — hy) + (hy — hg )= (1277.79 — 432.42) + (1277.79 — 986.13) = 1137.03 kJ/kg 
Wnet = rout — Wein = 583.32 — 264.46 = 318.86 kJ/kg 


Waet _ 318.86 kJ/kg 
din 1137.03 kJ/kg 


= 0.280 = 28.0% 


Ih = 


(b) When a regenerator is used, rw remains the same. The thermal efficiency in this case becomes 
regen = E(hg — hy) = (0.75\(986.13 — 432.42) = 415.28 kJ/kg 
Gin = Ginold — Tregen = 1137.03 — 415.28 = 721.75 kJ/kg 


_ 318.86 kJ/kg 


2? = 0.442 = 44.2% 
din 721.75 kJ/kg 
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9-131E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. 
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are to be 
determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 0.24 Btu/lbm-R and k = 1.4 (Table A-2Ea). 
Analysis The pressure ratio for each stage is 
r, = V12 =3.464 
According to the isentropic process expressions for an ideal gas, 
T, = T4 = tf = (520 R)(3.464)°414 = 741.6 R 
Since this is an ideal cycle, 
T; =T; =T =T, +50 = 741.6 +50 =791.6R 


For the isentropic expansion processes, 


Ts = Tg =Tyr{X'* = (791.6 R\(3.464)°“"* =1129 R 
The heat input is 

qin = 2C, (Tę —T; ) = 2(0.24 Btu/Ibm- R)(1129- 791.6) R =162.0 Btu/lbm 
The mass flow rate is then 


_ Gn __500Btu/s 3 086lbm/s 


din 162.0 Btu/lbm 


Application of the first law to the expansion process 6-7 gives 
We-7,out = mC p (T; -T7) 


= (3.086 lbm/s)(0.24 Btu/Ibm - R)(1129 — 791.6) R ae ae 
0.94782 Btu/s 
= 263.6 kW 
The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it 


becomes 


Wyo.in = mC , (T, -T,) 


= (3.086 Ibm/s)(0.24 Btu/Ibm - R)(741.6- 520) R| kW 
0.94782 Btu/s 


=173.2 kW 


Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is 


Qout z 2mc , (T, -T;) 
= 2(3.086 Ibm/s)(0.24 Btu/lbm - R)(741.6-520) R 
= 328.3 Btu/s 
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9-132E An ideal regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. 
The power produced and consumed by each compression and expansion stage, and the rate of heat rejected are to be 
determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 0.24 Btu/Ibm-R and k = 1.4 (Table A-2Ea). 


Analysis The pressure ratio for each stage is 
r, = V12 =3.464 
For the compression processes, 
Tzs = T4s = Tır} F = (520 R)(3.464)°414 =741.6 R 
Cp -T;) T Tas- 


1c = = 
c (T-T) 1c 


dop Aed 780.7 R 
0.85 


Since the regenerator is ideal, 

T; =T; =T =T, +50 = 780.7 +50 = 830.7 R 
For the expansion processes, 

Tos = Tgs =Tyr"* = (830.7 R)(3.464)°414 =1185 R 
cp (Te T7) 
Cy (Tes -T7) 


Nr = > T; =I, =T; +7 (Tes —T7) = 830.7 + (0.90)(1185 — 830.7) =1150R 
The heat input is 
din = 2C, (Tg —T; ) = 2(0.24 Btu/Ibm- R)(1150—-830.7) R =153.3 Btu/Ibm 


The mass flow rate is then 


Qin _ 500 Btu/s 


=" _ = 3.262 Ibm/s 
din 153.3 Btu/Ibm 


m= 


Application of the first law to the expansion process 6-7 gives 
We-7,our = MC p (T6 — T7) 


1kw 


= (3.262 Ibm/s)(0.24 Btw/Ibm- R)(1150 — 830.7) R| ————_—— 
0.94782 Btu/s 


) = 263.7 kW 


The same amount of power is produced in process 8-9. When the first law is adapted to the compression process 1-2 it 
becomes 


Wizin = mc, (T3 -T) 


1kw 
0.94782 Btu/s 


= (3.262 Ibm/s)(0.24 Btu/Ibm- R)(780.7 — 520) R{ = 215.3 kW 


Compression process 3-4 uses the same amount of power. The rate of heat rejection from the cycle is 


Ong = 2mc , T, —T3) 
= 2(3.262 Ibm/s)(0.24 Btu/Ibm - R)(780.7 —520) R = 408.2 Btuls 
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9-133 A regenerative gas-turbine cycle with two stages of compression and two stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis The temperatures at various states are obtained as follows 
T, =T, =r = (290 Wa? = 430.9 K 
T; =T, +20 = 430.9 + 20 = 450.9 K 


qin = Cp (Ts -T;) 


i 300 kJ/k 
mema = 450.9 K+ O E _ _749.4K 
Cp 1.005 kJ/kg -K 
i (k-1)/k 190414 
T, = n+) = (749.4 «() =504.3K 
r 4 
P 
i 300 kJ/k 
T, =T, +8 =5043K4— OS __g008K 
c, 1.005 kJ/kg -K 


1 (k-1)/k 190414 
Ta n| | = (802.8 K{) =540.2K 
rp 4 


Tio = Tg — 20 = 540.2 — 20 = 520.2 K 
The heat input is 
din = 300 +300 = 600 kJ/kg 


The heat rejected is 
aout = cp (Tio -T,)+c,(T, -T;) 
= (1.005 kJ/kg - K)(520.2 — 290 + 430.9 — 290) R 
= 373.0 kJ/kg 
The thermal efficiency of the cycle is then 
Tie 373.0 


=1 = 0.378 
din 600 


Min =1 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-101 


9-134 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis The temperatures at various states are obtained as follows 
T, =T, = Te etry ®/* = (290 K)(4)°4"4 = 430.9 K 
T; = Ts + 20 = 430.9 + 20 = 450.9 K 


qin = Cp (Tg - T7) 


i 300 kJ/k 
tenra Sass Ke Ve Fak 
Cp 1.005 kJ/kg -K 
1 (k-1)/k 190a 
T; = “> = (749.4 (4) =504.3K 
r 4 
P 
i 300 KJ/k 
To =Ty +o = 504.3K + — OEIS 8028K 
c, 1.005 kJ/kg -K 
1 (k-1)/k 190414 
T= ra) = (802.8 K() =540.2K 
r 4 
P 
i 300 KJ/k 
Tp Tar aake Oks _ _g38.7K 
c, 1.005kJ/kg-K 
1 (k-1)/k 190414 
Ta = Tp] = = (838.7 (4) =564.4K 
i 4 


T,4 =T\3 — 20 =564.4-20 =544.4K 


The heat input is 
din = 300+ 300 +300 = 900 kJ/kg 


The heat rejected is 


Gout =Cp Tyg -T1) +c, (Ty -T3)+c (T4 -Ts) 
= (1.005 kJ/kg - K)(544.4 — 290 + 430.9 — 290 + 430.9 — 290) R 
= 538.9 kJ/kg 


The thermal efficiency of the cycle is then 


Fou _ 4 2383 _ 9 491- 40.1% 


din 900 


Mn =1 
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9-135 A regenerative gas-turbine cycle with three stages of compression and three stages of expansion is considered. The 
thermal efficiency of the cycle is to be determined. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis Since all compressors share the same compression ratio and begin at the same temperature, 
T, =T; Sat = (290 K)(4)°4"4 = 430.9 K 
From the problem statement, 
T, =T; -65 
The relations for heat input and expansion processes are 


qi 
din = Cp (Tg -T;) —T, =T; + = 


i (k-1)/k 
i j n) 
p 


7 (k-1)/k 
in 1 
Tio = Ty + » Ty =Tho + 

c r 


P 


P 


r (k-1)/k 
in 1 
T2 yt Tr = Ep [2] 
Cp rp 

The simultaneous solution of above equations using EES software gives the following results 

T, =520.7K, Ty, =819.2K, Ty =551.3K 

Tio =849.8K, T,,=571.9K, Tp =870.4K, T, =585.7K 
From an energy balance on the regenerator, 

bt ae! Cte Oy 

(T,3 -65) -Ts = Tis —Ty4 —> T4 = Te + 65 = 430.9 + 65 = 495.9 K 
The heat input is 

din = 300+ 300 +300 = 900 kJ/kg 


The heat rejected is 


qot =Cp (Ty —T,) + ¢p (Tz —T3) + ¢, (T, -T;) 
= (1.005 kJ/kg - K)(495.9 — 290 + 430.9 — 290 + 430.9 — 290) R 
= 490.1kJ/kg 


The thermal efficiency of the cycle is then 


dout 


in 


_ 490.1 


=1 D = 0.455 = 45.5% 


1a =1- 
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Jet-Propulsion Cycles 


9-136C The power developed from the thrust of the engine is called the propulsive power. It is equal to thrust times the 
aircraft velocity. 


9-137C The ratio of the propulsive power developed and the rate of heat input is called the propulsive efficiency. It is 
determined by calculating these two quantities separately, and taking their ratio. 


9-138C It reduces the exit velocity, and thus the thrust. 
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9-139E A turboprop engine operating on an ideal cycle is considered. The thrust force generated is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft?/Ibm-R (Table A-1E), Cp = 0.24 Btu/Ibm-R and k 
= 1.4 (Table A-2Ea). 


Analysis Working across the two isentropic processes of the cycle yields 


T, = Tır E =(450 R)(10)°*"* =868.8R 


1 (k-I)/k q 044 
T; =T, = (1400 fE) =725.1R 
lp 10 


Since the work produced by expansion 3-4 equals that used by 
compression 1-2, an energy balance gives 


T, =T; —(T) —T,) = 1400 - (868.8 — 450) = 981.2R 


The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller, 


2 2 
Vexit a Vilet 


MeCp(T4 -T;)= Mm, 2 


which when solved for the velocity at which the air leaves the propeller gives 


1/2 

m 2 

Vexit -lz p £ cp (T, -nVa 
Mp 


1/2 
25,037 ft?/s? 
-24 (0.24 Btu/lbm - R)(981.2 — 725.1)R EOP AAS N (600 ft/s)? 
20 1 Btu/Ibm 


= 716.9 ft/s 


The mass flow rate through the propeller is 


RT, _ (0.3704 psia - ft*)(450 R) 


v= = 20.84 ft?/Ibm 
P, 8 psia 
AV, 2 y 10 ft)? 

i SE nA ee 2261 lbm/s 
v 4 y, 4 20.84 ft?/Ibm 


The thrust force generated by this propeller is then 


11bf 
32.174 Ibm ft/s? 


F = ri  (Vexit — Vinter) = (2261 1bm/s)(716.9 — coy = 8215 Ibf 
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9-140E A turboprop engine operating on an ideal cycle is considered. The thrust force generated is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft?/Ibm-R (Table A-1E), Cp = 0.24 Btu/Ibm-R and k 
= 1.4 (Table A-2Ea). 


Analysis Working across the two isentropic processes of the cycle yields 


T, =T,r{X-)/* =(450 R)(10)°*"* =868.8R 


1 (k-1)/k 1 e414 
T; =T; = (1400 fE) =725.1R 
ly 10 


Since the work produced by expansion 3-4 equals that used by compression 
1-2, an energy balance gives 


T, =T} — (T, —T,) =1400 — (868.8 — 450) =981.2R 
The mass flow rate through the propeller is 


. 3 
= RT = (0.3704 psia - ft" )(450 R) = 20.84 ft?/Ibm 


y. 
1 p 8 psia 
_ AV, 2 y 8ft)?  600ft/ 
EA TE E AL, S = 1447 Ibm/s 
vi 4 v 4 20.84 ft?/Ibm 


According to the previous problem, 


. Mp 2261lbm/s 
aa SEE 


; = 113.1lbm/s 
20 


The excess enthalpy generated by expansion 4-5 is used to increase the kinetic energy of the flow through the propeller, 


i 0 VR ve 
mec, (T4 -T;)= m, exit 5 inlet 


which when solved for the velocity at which the air leaves the propeller gives 


1/2 
m 2 
Vexit = atte, (T, -T;) V7 
mp 


- aBn: 


1/2 
25,037 ft?/s? 
— (0.24 Btu/Ibm- R)(981.2 —725.1)R eal etal EAE (600 ft/s)? 
1447 lbm/s 


1 Btu/Ibm 
= 775.0 ft/s 
The thrust force generated by this propeller is then 


1lbf 


F = rù (Vaa V, 1a) = (1447 Ibm/s)(775— 600)ft/s, ————» 
Bessey: agt 32.174 Ibm ft/s? 


|. 7870 Ibf 
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9-141 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at the fan outlet 
needed to produce this thrust is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 


Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 


Analysis The total mass flow rate is 


_ RT _ (0.287 kPa-m*)(253K) 


A =1.452 m?/kg 
P 50 kPa 
AV. 2V 5m)? 

avi. De Va _ 725m)" _200m/s - 676.1ky/s 
vi 44 4 1.452 m?/kg 

Now, 

n  676.1k 

mn, =T SAE L 84.51 kg/s 


The mass flow rate through the fan is 
m, =m—m, =676.1-84.51 = 591.6 kg/s 
In order to produce the specified thrust force, the velocity at the fan exit will be 
F=m f (Vexit — Vinet ) 


F 50,000 N [ 1kg m/s? 
Vexit = Vinet + —— = (200 m/s) + Sgn amt 
m 
f 


= 284.5 m/s 
591.6kg/s| 1N 


An energy balance on the stream passing through the fan gives 


2 2 
Vexit E Vinlet 


cp (T4 -T;) = 7 
T; =T,- ui Vilet 
Cp 
SIAR (284.5 m/s)? — (200 m/s)? | 1 kJ/kg ) 
2(1.005 kJ/kg -K) 1000 m?/s? 
= 232.6K 
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9-142 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced 
are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 
Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K and k = 1.4 (Table A- 
2a). 
Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V; = 240 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V2 = 0). 


Diffuser: 
. . . v0 d . . 
Ein E out z AE system ca ——? Ein = E out 
Kal) 
v? -vf 
h, +V? /2=h, +V? /2—>0=hħh, -h + 5 i 
0=c, (T, -T,)- Vč /2 s 
v? 240 m/s)? 1 kJ/k 
T, =T, PM eiki Co — 8 — |=288.7K 
2c, (2)(1.005 kJ/kg - K) | 1000 m?/s 
kı(k-1) 1.4/0.4 
T. 288.7 K 
P, = P| = = (45 kPa) ———— = 64.88 kPa 
T, 260 K 
Compressor: 
P, = P, =(r, XP, )= (13\(64.88 kPa)= 843.5 kPa 
P (k-1)/k 
Tz na l = (288.7 K\13)?*"* = 600.7 K 
2 
Turbine: 
Weomp,in — Wturb,out ee hy z hy = h, hs > Cp (T; T, )= Cp (T, z Ts) 
or T; =T, —T3 + T, =830- 600.7 + 288.7 = 518.0 K 
Nozzle: 
(k-1)/k 0.4/1.4 
P 45 kP 
T; =T,| =£ = (830 K $ =359.3 K 
P, 843.5 kPa 
. . . 0 d . . 
En -Eou = AE system Eeey —> En = Fou 
h; +V? /2=h; +V /2 
y2 -y2 Kal) 
0= h; - h; +—® a > 0=c,(T, -T;)+ V /2 
1000 m*/s* 
or Vs =Vexie = ,|(2)(1-005 kJ/kg - K {518.0 — 359.3)K] —————— | = 564.8 m/s 
1 kJ/kg 
The mass flow rate through the engine is 
3 
ù RT (0.287 kPa -m”)(260 K) -1.658 m3 /kg 
P 45 kPa 
AV, 2? y .6 m)’ 
h= 1_ 7D Vi _ 70.6m) a = 291.0 kg's 
vi 4 vi 4 1.658 m /kg 
The thrust force generated is then 
F = M(V axit — Vinet ) = (291.0 kg/s)(564.8 — 240)m/s EE z |=94,520N 
1kg-m/s 
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9-143 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The velocity of 
exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 5 The turbine work output is equal to the compressor work input. 

Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 

Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V; = 320 m/s. Ideally, the air will 
leave the diffuser with a negligible velocity (V2 = 0). 


Diffuser: 
: oo Bi 
Ein =E = AE system a = Ein = E out 
#0 
Ve -VP 
h, +V? /2=h, +V? /2—>0=h, -h + 3 
0=c,(T,-T,)- V? /2 i 
v? 320 m/s)” 1 kJ/k 
T, =T, +— = wke ems) _ — 8 _ -2919K 
26, (2X1.005 kJ/kg: K){ 1000 m2/s2 
T, k/(k-1) 2919K 1.4/0.4 
P, = P| 2 = (32 kPa) ———— = 62.6 kPa 
T, 241K 
Compressor: 
P, = P, = (r, (P, )= (12\(62.6 kPa) = 751.2 kPa 
P (k-1)/k 
T; = 12 ) = (291.9 K\12)°"* = 593.7 K 
2 
Turbine: 
Wcomp,in — Wturb,out = h ~ hy 3 ha hs, > c (Ts T, )= Cp (T, -T;) 
or T; =T, —T3 +T, =1400 - 593.7 + 291.9 =1098.2K 
Nozzle: 
(k-1)/k 0.4/1.4 
P 32 kP 
T; =T,| = = (1400 K) 2 = 568.2 K 
P, 751.2 kPa 
ae Res ae are 
Ein -E out z AE system mee st Ein z E out 
h; +V? /2=he +V /2 
#0 
Ve -Ve 
0=h, —h, +—* _® > O=c,(Tg-T;)+V6 /2 
1000 m?/s* 
or Ve = .|(21.005 kJ/kg - K)(1098.2 -568.2)K] ———~— | = 1032 m/s 
1 kJ/kg 
T 1 kJ/k 
(b) Wp = MV est -Vine Vaircran = (60 kg/s\(1032-320)m/s(320 m/s) ———8— |=13,670 kw 
1000 m?/s* 
(c) Qin = m(hy — h; )= me „(T4 —T3 ) = (60 kg/s {1.005 kJ/kg - K)(1400 -593.7)K = 48,620 kJ/s 


Qin 48,620 kJ/s 
M fuel = = = 1.14 kg/s 
HV 42,700 kJ/kg 
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9-144 A turbojet aircraft is flying at an altitude of 9150 m. The velocity of exhaust gases, the propulsive power developed, 
and the rate of fuel consumption are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and 
the nozzle exit. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg.K and k = 1.4 (Table A-2a). 


Analysis (a) For convenience, we assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of 
Vi = 320 m/s. Ideally, the air will leave the diffuser with a negligible velocity (V2 = 0). 


Diffuser: 
- : - 0 d; 
Ein -Eou = AE system ee 
Ein 5 Eou 
h, +V /2=h, +V? /2 
g0 
Vy -v? 
0=h, -h +— 1 
2 
0=c,(T, -T,)-Vy /2 g 
v? 320 m/s)” 1 kJ/k 
T =T +- IKE ( s) 2 _|=2919K 
2c, (21.005 kJ/kg -K)| 1000 m?/s 
k /(k-1) 1.4/0.4 
T. 291.9 K 
P, = P| = = (32 kPa) &——— = 62.6 kPa 
T, 241K 
Compressor: 
P; = P, = (r, (P, )= (12\(62.6 kPa) = 751.2 kPa 
P (k-1)/k 
Tə; =T, (> = (291.9 K\12)°“"* = 593.7 K 
2 
hz; —hy cp Tos -T>) 
UG = are SA 
h; —hy c (T3 -T,) 
T3 =T, + (Tz, -T )/ Nc = 291.9 + (593.7 — 291.9)/(0.80)= 669.2 K 
Turbine: 
Wcomp,in = W turb, out > h; h, z h, hs > Cp (T; T,)= Cp (T, Tz) 
or, 


T; =T,—T3 +T, =1400 -669.2 + 291.9 =1022.7 K 


T hy —h; _ c,(T4 -Ts) 
hig Nee €% (T, -T;;) 
Ts, =T, - (T, -T; )/ 1r =1400- (1400 -1022.7)/ 0.85 = 956.1 K 


k (k-1) 1.4/0.4 
T; 956.1 K 
P; = P,| = =(751.2 kPa =197.7 kPa 

T, 1400 K 


NT 
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Nozzle: 


(k-1)/k 0.4/1.4 

P 32 kP 

T, =T,| = = (1022.7 Kf E ) = 607.8 K 
P. 197.7 kPa 


~ : > 0 d 
Ein -E out = AE system gea) 
En > E out 

he +V2 /2=h; +V /2 
vé -Vs 
2 


O=c,(T,-T;)+V¢6 /2 


O=h, -h, + 


or, 


1000 m/s” 


= 913.2 m/s 
1kJ/kg 


V; = (too kJ/kg -K (1022.7 - cor 
(b) W, = rh(Vexi —Vintet Warcraft 
1 kJ/kg 
= (60 kg/s)(913.2 -320)m/s(320 m/s) ——=— 
Go xes% paa {2 m7/s* 
= 11,390 kw 
(c) Qin = (h; — h; )= mc , (T, -T3 )= (60 kg/s 1.005 kJ/kg -K (1400 - 669.2)K = 44,067 kJ/s 


),, 44,067 kJ/ 
Sis S = 1.03 kgs 
HV 42,700 kJ/kg 


Meyel = 
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9-145 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the 
brakes to hold the plane stationary is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit. 


Properties The properties of air are given in Table A-17. 
Analysis (a) Using variable specific heats for air, 


Compressor: 


T, =290 K —> h = 290.16 kJ/kg 
P, =1.2311 
P, 


P= = (9\1.2311)=11.08 —> h, =544.07 kJ/kg 
1 


Qin = gel X HV = (0.5 kg/s {42,700 kJ/kg) = 21,350 kJ/s 


Yin 21,350 kJ/ 
j= Smee Ë = 1067.5 kJ/kg 
m 20 kg/s 


din = hg — hy —> h; = hy + qm = 544.07 + 1067.5 =1611.6 kJ/kg —> P, = 568.5 


Turbine: 
Weomp,in — “turb,out > hy h, = h; h, 
or 
hy = h} — h, +h, =1611.6 — 544.07 + 290.16 =1357.7 kJ/kg 
Nozzle: 
P- 1 
P, =P, = (568.5) — |= 63.17 —> h; =888.56 kJ/kg 
5 k} P, 9 
> > > 0 d 
En a E out = AE system Geo 
Ein = E cut 
h, +V? /2=h, +Ve /2 
0 
vV? -V7 
0=h; —h, + =>— 
2 
or 
1000 m?/s* 
V; = 4/2(h4 — hs) = |(2)(1357.7 - 888.56)kJ/kg Take | 79686 ms 
g 


Brake force = Thrust = MV oxi Vinlet ) = (20 kg/s\968.6 = om 


- | =19,370 N 


1kg- m/s 
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g 
9-146 Problem 9-145 is reconsidered. The effect of compressor inlet temperature on the force that must be applied to 
the brakes to hold the plane stationary is to be investigated. 


Analysis Using EES, the problem is solved as follows: 


P_ratio =9 

T_1=7 [C] 

T[1] = T_1+273 "[K]" 
P[1]= 95 [kPa] 
P[5]=P[1] 

Vel[1]=0 [m/s] 

V_dot[1] = 18.1 [m^3/s] 
HV_fuel = 42700 [kJ/kg] 
m_dot_fuel = 0.5 [kg/s] 
Eta_c=1.0 

Eta_t= 1.0 

Eta_N = 1.0 


"Inlet conditions" 

h[1]FENTHALPY (Air, T=T[1]) 

s[1J=ENTROPY (Air, T=T[1],P=P[1]) 

v[1J=volume(Air, T=T[1],P=P[1]) 

m_dot = V_dot[1]/v[1] 

"Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2J]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY (Air, T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) "Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

h[3]=ENTHALPY (Air, T=T[3]) 

Q_dot_in = m_dot_fuel*HV_fuel 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 


"Turbine analysis" 

s[3]J=ENTROPY (Air, T=T[3], P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

{P_ratio= P[3] /P[4]} 

T_s[4]=TEMPERATURE (Air,h=h_s[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
{h_s[4]=ENTHALPY (Air, T=T_s[4])} "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
T[4J=TEMPERATURE (Air, h=h[4]) 

P[4]=pressure(Air,s=s_s[4],h=h_s[4]) 

"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 

W_dot_net = 0 [kW] 


"Exit nozzle analysis:" 
s[4]=entropy(‘air', T=T[4],P=P[4]) 
s_s[5]=s[4] "For the ideal case the entropies are constant across the nozzle" 


T_s[5J=TEMPERATURE(Air,s=s_s[5], P=P[5]) "T_s[5] is the isentropic value of T[5] at nozzle exit" 
h_s[5]=ENTHALPY (Air, T=T_s[5]) 

Eta_N=(h[4]-h[5])/(h[4]-h_s[5]) 

m_dot*h[4] = m_dot*(h_s[5] + Vel_s[5]*2/2*convert(m*2/s*2,kJ/kg)) 
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m_dot*h[4] = m_dot*(h[5] + Vel[5]*2/2*convert(m*2/s*2,kJ/kg)) 
T[5]J=TEMPERATURE (Air,h=h[5]) 
s[5]=entropy(‘air’, =T[5],P=P[5]) 


"Brake Force to hold the aircraft:" 
Thrust = m_dot*(Vel[5] - Vel[1]) "[N]" 
BrakeForce = Thrust "[N]" 

"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(‘air' ,hA=h[2]) 
s[2]=entropy(‘air’, T=T[2],P=P[2]) 


Brake m T3 Ti 
Force | [kg/s] [K] [C] 
[N] 

21232 | 23.68 | 1284 | -20 
21007 | 23.22 | 1307 | -15 
20788 | 22.78 | 1330 | -10 
20576 | 22.35 | 1352 -5 
20369 | 21.94 | 1375 0 

20168 | 21.55 | 1398 5 

19972 | 21.17 | 1420 10 
19782 | 20.8 1443 15 
19596 | 20.45 | 1466 | 20 
19415 | 20.1 1488 | 25 
19238 | 19.77 | 1510 | 30 


BrakeForce [N] 


1500 


1000 


T[K] 


500 


855 kPa 
3 95 kPa 
4s 
5 
2s 
1 


10% 


45x10? 


0x100 


1 1 1 1 1 
5.0 5.5 6.0 6.5 7.0 


s [kJ/kg-K] 


1:5 


8.0 


8.5 
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9-147 Air enters a turbojet engine. The thrust produced by this turbojet engine is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
variable specific heats. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and the nozzle exit. 


Properties The properties of air are given in Table A-17. 


Analysis We assume the aircraft is stationary and the air is moving towards the aircraft at a velocity of V, = 300 m/s. 
Taking the entire engine as our control volume and writing the steady-flow energy balance yield 


T,=280K ——> h =28013kJ/kg 


T,=700K ——> hy =713.27kI/kg 15,000 kJ/s 
: : - #0 (stead —— 
Ein T Eo = AE system oer Fas © oe 
En = Eon 300 m/s —_» — > 427°C 


16 kg/s 


Qin tm(h, +V? /2)=m(h, +V? /2) |e ec) 


v? -V; | 


On =f h, + ; 


v2 -(300 ml 1 kJ/kg ) 


15,000 kJ/s = (16 kg/s) 713.27 — 280.13 + 
2 1000 m*/s? 


It gives 
V = 1048 m/s 
Thus, 


F, = rh(V, -V,) = (16 kg/s)(1048 - 300)m/s = 11,968 N 
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Second-Law Analysis of Gas Power Cycles 


9-148 The process with the highest exergy destruction for an ideal Otto cycle described in Prob. 9-36 is to be determined. 


Analysis From Prob. 9-36, qin = 582.5 kJ/kg, qou = 253.6 kJ/kg, T; = 288 K, T = 661.7 K, T; = 1473 K, and T, = 641.2 K. 
The exergy destruction during a process of the cycle is 


Xdest = TS gen = n|as Iin fou ) 


source sink 
Application of this equation for each process of the cycle gives 
Xdest,1-2 = 0 (isentropic process) 
T. V 
S3 —Sy = S4 — S4 =C, In =È + Rin 
2 Vo 
1473K 
661.7K 


qin 
Xdest,2-3 = To [s. S2 


= (0.718 kJ/kg K) ln +0 = 0.5746 kJ/kg -K 


T, 


source 


582.5 kJ/k 
= (288 Ko(0.5746 kJ/kg -K S| 


1473 K 
= 51.59 kJ/kg 


Xaest3-4 =0 (isentropic process) 


dout 
X dest,4-1 = nfs S4 + 


T, 


sink 


= (288 K)| —0.5746 Kika: K 122E ke 
288 K 


= 88.12 kJ/kg 


The largest exergy destruction in the cycle occurs during the heat-rejection process. 
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9-149E The exergy destruction associated with the heat rejection process of the Diesel cycle described in Prob. 9-55E and 
the exergy at the end of the expansion stroke are to be determined. 


Analysis From Prob. 9-55E, dou = 158.9 Btu/lbm, T; = 540 R, P, = 14.7 psia, T4 = 1420.6 R, P, = 38.62 psia and v4 = v. 
The entropy change during process 4-1 is 
S1 -54 = S] osar $4 @1420.6R ~ RICP, / P4) 
= 0.60078 — 0.83984 — (0.06855) In(14.7 / 38.62) 
= —0.1728 Btu/lbm-R 
Thus, 


qdR,41 158.9 Btu/lbm 


540 R 


| = corf- 0.1728 Btu/Ibm- R + ) =65.6 Btu/lbm 


X destroyed, 41 = nfs =S4 + 
R 


Noting that state 4 is identical to the state of the surroundings, the exergy at the end of the power stroke (state 4) is 
determined from 


pa (u, ug) Elsi So )+ Palva- Ho) 


where 
U4 —Ug =Uy4 —Uy = Foy = 158.9 Btu/lbm-R 
V4 -Vo =¥4—¥, =0 
S4 — So = S4 — S1 = 0.1741 Btu/lbm -R 
Thus, 


¢, = (158.9 Btu/lbm)- (540R \(0.1728 Btu/lbm - R)+ 0 = 65.6 Btu/Ibm 


Discussion Note that the exergy at state 4 is identical to the exergy destruction for the process 4-1 since state 1 is identical 
to the dead state, and the entire exergy at state 4 is wasted during process 4-1. 
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9-150 The exergy loss of each process for an ideal dual cycle described in Prob. 9-63 is to be determined. 


Analysis From Prob. 9-63, qinx-3 = 114.6 kJ/kg, Tı = 291 K, T, = 1037 K, T, = 1141 K, T; = 1255 K, and T; = 494.8 K. 
Also, 


qin,2-x = Cy (Ty - T3) = (0.718 kJ/kg -K)(1141-1037)K = 74.67 kJ/kg 
dom = Cy (T4 -T;) = (0.718 kJ/kg - K)(494.8 — 291)K = 146.3 kJ/kg 


The exergy destruction during a process of the cycle is 


T, T, 


source sink 


Xdest = TS gen = n|as Gin 4 daout ) 


Application of this equation for each process of the cycle gives 


T P. 
Sy —S, =C, In 2 _ Rin 
T, P, 
= (1.005 KJ/kg K) In 2297 _ (0.287 kJ/kg K) n 2148 Pa 
291K 90 kPa 


= 0.1158 kJ/kg -K 


Xas, 12 = To (S2 — $1) = (291 K)(0.1158 kJ/kg - K) = 33.7 kJ/kg 


T Vv 
S-S =c,In = + Rin— 


2 v2 
= (0.718 KJ/kg K) In +1415 + 0 = 0.06862 kJ/kg -K 
1037 K 
Rade 2x = nfs, ga eR ) = (291 K(.06a62 kJ/kg -K ee | = 2.65 kJ/kg 
1255K 
source 


1255K 
1141K 


T. P 
$3—-Sy=Cp n7- Rin = (1.005 kJ/kg - K) In —~0=0.09571 kJ/kg -K 


x x 


din, x-3 114.6 kJ/kg 


1255K 


X dest, x-3 = nfs Sy =(291 Ks{ 0.0957 kJ/kg -K - ) =1.28 kJ/kg 


source 


T, V T, 
S4 -S3 = C, n—++RIn— =c, In 4 Rin 
3 v3 3 re 
494.8 K 
1255K 


= (0.718 kJ/kg -K)ln + (0.287 kJ/kg -K) In = = 0.1339 kJ/kg : K 


Xes, 3-4 = To (S4 — 53) = (291 K)(0.1339 kJ/kg -K) = 39.0 kJ/kg 


T, 291K 
Sı -S4 =C, In —+ Rin iz (0.718 kJ/kg :K)ln 
T4 V4 494.8 K 


+0 =-0.3811kJ/kg K 


146.3 kJ/kg 


tad = nls -s4 + ja = (291 Kf- 0.3811 kJ/kg -K + DIK ) = 35.4 kJ/kg 


sink 
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9-118 


9-151 The exergy loss of each process for an air-standard Stirling cycle described in Prob. 9-81 is to be determined. 


Analysis From Prob. 9-81, qin = 1275 kJ/kg, qow = 212.5 kJ/kg, Tı = Ty = 1788 K, T; = T4 = 298 K. The exergy destruction 
during a process of the cycle is 


Xaest = ToS gen = n|as = + aoe ) 


source sink 


Application of this equation for each process of the cycle gives 


T, 
Sy — S4 = c, In =+ Rin 23 
1 vi 
= 0+ (0.287 kJ/kg : K) In(12) = 0.7132 kJ/kg -K 


qin 
Xdest,1-2 = nfs =S= T 
source 


= (298 (07132 kJ/kg -K - 


1275 kJ/kg 


= 0.034 kJ/kg ~ 0 
1788 K 


4 


T, V 
S4 — S3 =C, ln + Rin 
T; V3 


= 0 + (0.287 kJ/kg -K) in( =) = -0.7132 kJ/kg -K 


Aout 
X dest, 3-4 = nfs S3 + 


sink 


212.5 kJ/kg 


= (298 K)| -0.7132 kJ/kg : K + = -0.034 kJ/kg ~ 0 
298 K 


These results are not surprising since Stirling cycle is totally reversible. Exergy destructions are not calculated for processes 
2-3 and 4-1 because there is no interaction with the surroundings during these processes to alter the exergy destruction. 
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9-152 The exergy destruction associated with each of the processes of the Brayton cycle described in Prob. 9-89 is to be 
determined. 


Analysis From Prob. 9-89, qin = 698.3 kJ/kg, dou. = 487.9 kJ/kg, and 


Thus, 


T,=295K —>s? =1.68515 kJ/kg -K 

h, =626.60 kJ/kg —> s3 = 2.44117 kJ/kg - K 
T} =1240K —> s$ =3.21751 kJ/kg : K 

h, = 783.04 kJ/kg —> s4 = 2.66807 kJ/kg - K 


o.t P, 
Xdestroyed,12 = LoS geni2 = To (s> = sı)= To| S2 — S; — Rin P = 
1 


= (310 K\(2.44117 —1.68515 — (0.287 kJ/kg - K)In(10)) = 29.51 kJ/kg 


dR,23 Peer q 

5 ° 6 3 i 

Xdestroyed,23 = ToSgen,23 = Tol S3 — S2 + FT =T| S3 — s3 — Rin P p T z 
R 2 H 


=105.4kJ/kg 


= (310 K [aarmsr—2aaii7- S902 


de Aine P, 
Xdestroyed,34 = ToS gen,34 = To (s4 7 s3)= To| S4 — S3 — Rin— |= 
3 


= (310 K)(2.66807 — 3.21751 — (0.287 kJ/kg - K)In(1/10)) = 34.53 kJ/kg 


#0 
DR so. ee P, dout 
X destroyed, 41 = ToSgen,41 = Tol S1 7 S4 + =To| si -s4 - Rn— ++ 
Tr P, T; 


= 183.2 kJ/kg 


= (310 x 1.60515 ~2.65007 + #878 Kae) 
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9-153 Exergy analysis is to be used to answer the question in Prob. 9-94. 


Analysis From Prob. 9-94, T; = 288 K, Tzs = 585.8 K, T, = 618.9 K, T = 873 K, Ts, = 429.2 K, T4 = 473.6 K, rp = 12. The 
exergy change of a flow stream between an inlet and exit state is given by 


Ay =h, —h; -To (Se =S; ) 


This is also the expression for reversible work. Application of this equation 
for isentropic and actual compression processes gives 


T. P. 
S25 —S4 =C, In 28° Rin = 
1 P, 

= (1.005 kJ/kg -K) In DK - (0.287 kJ/kg - K) In(12) 


= 0.0003998 kJ/kg -K 


Wrev,1-2s = Cp s T,) To (Sos S1) 
= (1.005 kJ/kg -K)(585.8 — 288)K — (288 K)(0.0003998 kJ/kg - K) = 299.2 kJ/kg 
T. P. 
S)—-S,=c,In 2 — Rin 
1 P, 


zino uke) nS 
288K 


- (0.287 kJ/kg -K) In(12) = 0.05564 kJ/kg -K 


Wrev,1-2 = Cp (T2 -T,) -To (82 - 51) 


= (1.005 kJ/kg -K)(618.9 — 288)K — (288 K)(0.05564 kJ/kg - K) = 316.5 kJ/kg 
The irreversibilities therefore increase the minimum work that must be supplied to the compressor by 


AWrey,c = Wrey,1-2 — Wrev, 12s = 316.5 — 299.2 = 17.3 kJlkg 


Repeating the calculations for the turbine, 


T: P. 
S3 —S4s =Cp ln 3 — Rin 
Tas P, 
873K 
= (1.005 kJ/kg - K) In n (0.287 kJ/kg - K) In(12) = 0.0003944 kJ/kg -K 


Wrev,3-4s = Cp (T3 — Tas )— To (S3 — Sa) 
= (1.005 kJ/kg -K)(873— 429.2)K - (288 K)(0.0003944 kJ/kg - K) = 445.9 kJ/kg 


T. P. 
S3—S4 =C, ln 3 — Rin 
4 Py 
873K 
= (1.005 kJ/kg : K) In e a (0.287 kJ/kg - K) In(12) = -0.09854 kJ/kg : K 


Wrev,3-4 =C p (T3 —T4s)— To (S3 —S4s) 
= (1.005 kJ/kg - K)(873— 473.6)K — (288 K)(—0.09854 kJ/kg -K) = 429.8 kJ/kg 


AWrey-t = Wrev,3-4s — Wrev, 3-4 = 445.9 — 429.8 = 16.1kJ/kg 


Hence, it is clear that the compressor is a little more sensitive to the irreversibilities than the turbine. 
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9-154 The total exergy destruction associated with the Brayton cycle described in Prob. 9-116 and the exergy at the exhaust 
gases at the turbine exit are to be determined. 


Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). 
Analysis From Prob. 9-116, qin = 480.82, dou = 372.73 kJ/kg, and 


T,=310K — +s? =1.73498 kJ/kg -K 

h, = 618.26 kJ/kg —> s3 = 2.42763 kJ/kg -K 

T, =1150K ——> s3 =3.12900 kJ/kg -K 

h, =803.14 kJ/kg —> sj = 2.69407 kJ/kg -K 

h; = 738.43 kJ/kg —> s? = 2.60815 kJ/kg -K 310 K 


1150 K 


and, from an energy balance on the heat exchanger, 
h; —hy = h4 — h —> h; = 803.14- (738.43 — 618.26) = 682.97 kJ/kg 
——> s; = 2.52861 kJ/kg: K 


Thus, 


P. 
EES x. re o o 2. 
Xdestroyed12 = ToSgen12 = To (s> = sı)= nfs -sı > Rln — 


= (290 K)(2.42763 — 1.73498 — (0.287 kJ/kg - K)In(7)) = 38.91 kJ/kg 


ae P, 
X destroyed, 34 = ToS gen,34 = To (s4 = s3)= nf -S3 — Rln a 
3 
= (290 K)(2.69407 — 3.12900 — (0.287kJ/kg - K )In(1/7))= 35.83 kJ/kg 
X destroyed, regen 7 ToS gen regen = To [(s; =S2 ) + (ss T s4 )| = To [s: ~ S3 )+ Ís; z S4 j 


= (290 K)(2.60815 — 2.42763 + 2.52861 — 2.69407 ) = 4.37 kJ/kg 


#0 
dR,53 SAE: P, qi 
Xdestroyed,53 = ToS gen,53 -1 (4 —S5— Jn s3 =s -Rn—=— a 
Tr P; Ty 


480.82 kJ/kg 
1500 K 


= (290 K [3.12900 — 2.60815 ) =58.09 kJ/kg 


#0 
Gro i 38 P, Aout 
Xdestroyed,61 = LoS gen61 = Tol S1 — Sg + =To| si -sẹ -Rn— +- 
Tr P; T, 


=142.6 kJ/kg 


= (290 K [1.704 — 2.52861 + a 


Noting that ho = ho 29x = 290.16 kJ/kg and Tọ = 290K ——> sî =1.66802 kJ/kg-K, the stream exergy at the exit of 
the regenerator (state 6) is determined from 


Os = (Ng ho) Talse So)+ + GZ 


where 


D0 
P 
S6 — So = Sẹ — S4 = Sẹ — S1 —Rin = = 2.52861—1.66802 = 0.86059 kJ/kg : K 
1 


Thus, 
s = 682.97 — 290.16 — (290 K (0.86059 kJ/kg -K)= 143.2 kJ/kg 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-122 


EES 
9-155 Prob. 9-154 is reconsidered. The effect of the cycle pressure on the total irreversibility for the cycle and the 
exergy of the exhaust gas leaving the regenerator is to be investigated. 


Analysis Using EES, the problem is solved as follows: 


"Given" 
T[1]=310 [K] 
P[1]=100 [kPa] 
Ratio_P=7 
P[2]=Ratio_P*P[1] 
T[3]=1150 [K] 
eta_C=0.75 
eta_T=0.82 
epsilon=0.65 
T_H=1500 [K] 
TO=290 [k] 
PO=100 [kPa] 


“Analysis for Problem 9-154" 

q_in=h[3]-h[5] 

q_out=h[6]-h[1] 

h[5]-h[2]=h[4]-h[6] 

s[2]=entropy(Fluid$, P=P[2], h=h[2]) 

s[4]=entropy(Fluid$, h=h[4], P=P[4]) 

s[5]=entropy(Fluid$, h=h[5], P=P[5]) 

P[5]=P[2] 

s[6]=entropy(Fluid$, h=h[6], P=P[6]) 

P[6]=P[1] 

h[O]=enthalpy(Fluid$, T=TO) 

s[0]=entropy(Fluid$, T=TO, P=P0) 

x_destroyed_12=T0*(s[2]-s[1]) 

x_destroyed_34=T0*(s[4]-s[3]) 
x_destroyed_regen=T0*(s[5]-s[2]+s[6]-s[4]) 
x_destroyed_53=T0*(s[3]-s[5]-q_in/T_H) 
x_destroyed_61=T0*(s[1]-s[6]+q_out/TO) 
x_total=x_destroyed_12+x_destroyed_34+x_destroyed_regen+x_destroyed_53+x_destroyed_61 
x6=h[6]-h[0]-T0*(s[6]-s[O]) "since state O and state 1 are identical" 


"Analysis for Problem 9-116" 

Fluid$="'air' 

"(a)" 

h[1]=enthalpy(Fluid$, T=T[1]) 
s[1]=entropy(Fluid$, T=T[1], P=P[1]) 
s_s[2]=s[1] "isentropic compression" 
h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
eta_C=(h_s[2]-h[1])/(h[2]-h[1]) 
h[3]=enthalpy(Fluid$, T=T[3]) 
s[3]=entropy(Fluid$, T=T[3], P=P[3]) 
P[3]=P[2] 

s_s[4]=s[3] “isentropic expansion" 
h_s[4]=enthalpy(Fluid$, P=P[4], s=s_s[4]) 
P[4]=P[1] 

eta_T=(h[3]-h[4])/(h[3]-h_s[4]) 
g_regen=epsilon*(h[4]-h[2]) 


"(b)" 
w_C_in=(h[2]-h[1]) 
w_T_out=h[3]-h[4] 
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w_net_out=w_T_out-w_C in 
g_in=(h[3]-h[2])-q_regen 
eta_th=w_net_out/q_in 


Ratio_P Xtotal x6 
[kJ/kg] [kJ/kg] 
6 270.1 137.2 
7 280 143.5 
8 289.9 149.6 
9 299.5 155.5 
10 308.8 161.1 
11 317.8 166.6 
12 326.6 171.9 
13 335.1 177.1 
14 343.3 182.1 
2a Xtotal,dest J 
310 
290 | 
270 | 
2 250 | 
z, 230 | 
x 210 
190 | 
170 X6 ————— 
ome J 
150 ee 
i 4 
130 , , , i i i 
6 7 8 9 10 11 12 13 14 
Ratiop 
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9-156 The exergy loss of each process for a regenerative Brayton cycle with three stages of reheating and intercooling 
described in Prob. 9-135 is to be determined. 


Analysis From Prob. 9-135, T 


lp = 4, qin,7-8 = Gin9-10 = qin,11-12 = 300 kJ/kg, 

out,14-1 = 206.9 kJ/kg, qout2-3 = qout,4-5 = 141.6 kJ/kg, 
T, = T; = T; = 290 K , Ty = Ty = Tg = 430.9 K 

T, =520.7K, T, =819.2K, T, =551.3K 

Tio =849.8K, Ti =571.9K, Ti =870.4K, 

Ti, =585.7 K, T,, =495.9K 


The exergy destruction during a process of a stream from an inlet state to exit state is given by 


source sink 


Application of this equation for each process of the cycle gives 


T P, 
X dest, 1-2 = X dest, 3-4 = X dest, 5-6 = To Cp ee akin 
1 1 


= = (290) (. 005)m É — (0.287) in| 0.03 kJ/kg z 0 


T, Py Ging: i 
Xas, 7.8 = To| Cp n=- Rin 4in7-8 | (290) (1.005)In 2122 -0 -200_| -32.1kJ/kg 
T, Pe Toa 520.7 870.4 
T Py qns- 
Xaest,9.10 = Tol Cp In H2- Rin zw = (290) (1. 005)In = acl a = 26.2 kJ/kg 
T, Po Tore 551.3 870.4 


Po Wini1-12 


870.4 _ 300 
Py 


571.9 870.4 


Needs nl, In Rin = (290) (1,005) | =22.5 kJ/kg 
11 


source 


T. P. 
Nieres nfe, In = — Rin z) = 290} (1.005) we 
8 


— (0.287) in( 4 |- -0.05 kJ/kg = 0 
8 


— (0.287) In 


aie 


Xdest,10-11 = -nfe ln a — Rin a a) 290] gon a Jj- =—0.04 kJ/kg ~ 0 
10 10 


— (0.287) In 


mas OH 
{ 


Ti 
Xes. 1213 =T, ifer ies 2) 200} 005)In = Jj- =—0.08 kJ/kg ~ 0 
12 12 


1 
4 


= nian 20 i s] =50.6 kJ/kg 
495.9 290 


Pr Qout14-1 
+ 


T, 
Xqest,14-1 = To| Cp In ~— Rin 
Ty P 14 sink 


290 04116 | 26.2 kJikg 
0.9 290 


T; P Qout,2-3 
tamaa “Haas =T & n= kin + opie lt 
2 2 


sink 


|: (290). 005)In = 


T; Ti4 
Xdest regen = To (AS6-7 + AS13414) = To fer In T +c, In—— 
6 13 


7. (1.005)In nee) 6.66 kJ/kg 


520 
= (290) (1.005)m $2 T 
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9-157 A gas-turbine plant uses diesel fuel and operates on simple Brayton cycle. The isentropic efficiency of the 
compressor, the net power output, the back work ratio, the thermal efficiency, and the second-law efficiency are to be 
determined. 


Assumptions 1 The air-standard assumptions are Diesel fuel Combustion 


applicable. 2 Kinetic and potential energy changes are chamber 
negligible. 3 Air is an ideal gas with constant specific 
heats. 

Properties The properties of air at 500°C = 773 K are 
Cp = 1.093 kJ/kg:K, c, = 0.806 kJ/kg:K, R = 0.287 
kJ/kg-K, and k= 1.357 (Table A-2b). 

Analysis (a) The isentropic efficiency of the 
compressor may be determined if we first calculate 


the exit temperature for the isentropic case 1 30°C 
(k-1)/k (1.357-1)/1.357 
P. 700 kP 
Peet 2 = (303 Ke) =505.6 K 
P, 100 kPa 


Tə, -T, z 
ne = DoT = 605.6-309K _ 9 gg1 
T,-T,  (533-303)K 


(b) The total mass flowing through the turbine and the rate of heat input are 


12.6 kg/s 


th, = tig +p = fha + a =12.6 kg/s + =12.6kg/s + 0.21kg/s = 12.81 kg/s 


Qin = M f quv. = (0.21 kg/s)(42,000 kJ/kg)(0.97) = 8555 kW 
The temperature at the exit of combustion chamber is 


Qin = the „ (T3 — T3) —>8555 kJ/s = (12.81 kg/s)(1.093 kJ/kg.K)(T —533)K —>T; =1144K 


The temperature at the turbine exit is determined using isentropic efficiency relation 


(k-1)/k (1.357-1)/1.357 
P 100 kP 
Ta =r | =(1144 KÍ 2) =685.7 K 


P, 700 kPa 
TET 1144- T,)K 
Nr Sae a e a, =754.4K 
T= Ti (1144 — 685.7)K 


The net power and the back work ratio are 
Wein = MaC p(T — T,) = (12.6 kg/s)(1.093 kJ/kg.K)(533 — 303)K = 3168 kw 


Wr out = rhc „(T3 — T4) = (12.81 kg/s)(1.093 kI/kg.K)(1144 — 754.4)K =5455 kw 


Wnet = Wr out ~ Wein = 5455 — 3168 = 2287 kW 


— Wein _ 3168kW _ r 


po Cina 581 
Wrow 5455 kW 


Ny 


(c) The thermal efficiency is 


Wet _ 2287 KW _ 
Qin  8555kW 


Nin = 0.267 

The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible thermal 
efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet temperature. 
That is, 


T 
Impl W oja 
T 1144K 
0.267 
and hy = Imh _ 920 2 0.364 
max 0.735 
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9-158 A modern compression ignition engine operates on the ideal dual cycle. The maximum temperature in the cycle, the 
net work output, the thermal efficiency, the mean effective pressure, the net power output, the second-law efficiency of the 
cycle, and the rate of exergy of the exhaust gases are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at 1000 K are c, = 1.142 kJ/kg:K, cy, = 0.855 kJ/kg:K, R = 0.287 kJ/kg-K, and k= 1.336 
(Table A-2b). 


Analysis (a) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are 


ae tM see 0.0018 m? 


>V, =0.00012 m° =V, =V, 
V: V: 


Vi =V, +V; =0.00012 + 0.0018 = 0.00192 m’ = Vi 
Process 1-2: Isentropic compression 


k-1 
T= n({ 2 = (343 K)(16)'33* = 870.7 K 
2 


k 
P, = (4) = (95 kPa (16) 3° = 3859 kPa 
2. 


Process 2-x and x-3: Constant-volume and constant 
pressure heat addition processes: 
7500 kPa 


P 
T, =T, = = (870.7 K) ———— =1692K 
P, 3859 kPa 


ox = €, (T, — T») = (0.855 kJ/kg.K)(1692 — 870.7)K = 702.6 kJ/kg 
q2-x = qx-3 = €p (T3 — T,)—> 702.6 kJ/kg = (0.855 kJ/kg.K)(T;} - 1692)K —>T; = 2308 K 
(b) din = q2-x + Vu = 702.6 + 702.6 = 1405 kJ/kg 


T. 
V =V, = = (0.00012 m°) a 
T 1692K 


X 


= 0.0001636 m 


Process 3-4: isentropic expansion. 


YA 0.001636 m3) 
T,= rf 4) = (2308 emeen) =1009 K 
4 A 


v \' 0.0001636 m? ) 
r-e) - (7004s a | = 279.4 kPa 
; 0.00192 m 


Process 4-1: constant voume heat rejection. 
ou = Cy (T4 — T, )= (0.855 kJ/kg - K (1009 — 343)K = 569.3 kJ/kg 
The net work output and the thermal efficiency are 


Wnet out = qin — our = 1405 — 569.3 = 835.8 kJ/kg 


7 _ Wnetout _ 835.8 kJ/kg _ 4 5948 = 59.5% 
h qm  1405KJ/kg ` l 
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(c) The mean effective pressure is determined to be 


m = PY. (95 kPay(0.00192 m?) 


- = 0.001853 kg 
RT, (0.287 kPa -m°/kg -K {343 K) 


mw a8 
MEP = ee ee (0.001853 kg)(835.8kJ/kg) kPa -m = 860.4 kPa 
V-V, (0.00192 —0.00012)m? kJ 


(d) The power for engine speed of 3500 rpm is 


Wer = Mwya, Č = (0.001853 kg)(835.8 kJ/kg) 2200 Cev/min) f 1min | _ 2g 39 kw 
2 (2 rev/cycle) \ 60s 
Note that there are two revolutions in one cycle in four-stroke engines. 


(e) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible 
thermal efficiency (Carnot efficiency). We take the dead state temperature and pressure to be 25°C and 100 kPa. 


Trai To _,_ (25+273)K 
sa T 2308K 


= 0.8709 


and 


Mn _ 0.5948 
max 0.8709 


My = 


= 0.683 = 68.3% 


The rate of exergy of the exhaust gases is determined as follows 


T. P 
X4 =U4 —Ug — To (S4 -so)=c,(T, -1)-T cr In Rin] 
0 
1009 
= (0.855\1009 — 298} (298)| (1.142 kJ/kg.K)In 


- (0.287 kJ/kg.K) In a = 285.0 kJ/kg 
298 100 
X, = mx, Ĉ = (0.001853kg)(285.0 kJ/kg) 200 CeV/min)/ tmin | _ 9 683kw 
2 (2 rev/cycle) \ 60s 
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Review Problems 


9-159 An Otto cycle with a compression ratio of 7 is considered. The thermal efficiency is to be determined using constant 
and variable specific heats. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are R = 0.287 kPa‘m’/kg-K, Cp = 1.005 kJ/kg-K, cy = 0.718 kJ/kg-K, 
and k = 1.4 (Table A-2a). 


Analysis (a) Constant specific heats: 


1 1 
Ma =1- -r =l- a = 0.5408 = 54.1% 


(b) Variable specific heats: (using air properties from Table A-17) 
Process 1-2: isentropic compression. 
u, = 205.48 kJ/kg 


T, = 288 K —> 
V,, = 688.1 


1 1 
Vo = 2 Vra == Up = (688.1) = 98.3 —> u, = 447.62 kJ/kg 
1 


Process 2-3: v= constant heat addition. 


u> = 998.51 kJ/kg 
T; =1273K —> 
v,3 =12.045 


qm =U} —Uy = 998.51 — 447.62 = 550.89 kJ/kg 


Process 3-4: isentropic expansion. 


Va = Stug = rv, = (7)(12.045) =84.32 —> uy = 475.54 kJ/kg 
3 


Process 4-1: v= constant heat rejection. 
dout = U4 — Uy = 475.54 — 205.48 = 270.06 kJ/kg 


Fou _1_ 270.06 ki/kg _ 0 5098 =51.0% 
din 550.89 kJ/kg 


Mn =1 
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9-160E An ideal diesel engine with air as the working fluid has a compression ratio of 20. The thermal efficiency is to be 
determined using constant and variable specific heats. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/lbm:R, cy, = 0.171 Btu/Ibm:R, R = 0.06855 
Btu/Ibm-R, and k= 1.4 (Table A-2Ea). 


Analysis (a) Constant specific heats: 


Process 1-2: isentropic compression. 
k-1 
T; = “(2 = (505 R)(20)°* =1673.8R 
2 


Process 2-3: P = constant heat addition. 
P3V; _ PY, R V _T;  2260R _ 
T3 T> V, T, 1673.8R 


350 


Process 3-4: isentropic expansion. 
k-1 k-1 k-1 0.4 
V. 1.350%. . 
Pat), St Se, 129 ee (2260 R) 1300 |” 27688R 
V, V, r 20 
qin =h; — hy =c „(T3 - T, )= (0.240 Btu/lbm - R {2260 - 1673.8)R =140.7 Btu/lbm 


dom =U4 —Uy =c, (T, -T, )= (0.171 Btu/lbm - R {768.8 - 505)R = 45.11 Btu/lbm 
dom =140.7 — 45.11 = 95.59 Btu/lbm 


W net,out ma din 


Whet,out = 95.59 Btu/Ibm 


= = 0.6794 = 67.9% 
din 140.7 Btu/Ibm 


1h = 


(b) Variable specific heats: (using air properties from Table A-17) 
Process 1-2: isentropic compression. 
u, = 86.06 Btu/lbm 


T, =505R —> 
v, =170.82 


T, =1582.3R 
h, =391.01 Btw/lbm 


ey y= yo ee SA 
v r 20 


Process 2-3: P = constant heat addition. 
Pv; _ Pv, ee Tą  2260R _ 
T3 T> v T, 1582.3R 


428 


h, = 577.52 Btu/lbm 
V,3 = 2.922 


din = h; — h, =577.52 — 391.01 = 186.51 Btu/Ibm 


T; = 2260 R —> 


Process 3-4: isentropic expansion. 


_ V, V4 r 


V4 = Va =— Un = 
r4 r3 r3 
V3 1.428, 


"e= 02.922) = 40.92 —> u, =152.65 Btu/lbm 


Process 4-1: v = constant heat rejection. 
dour = U4 — U4 =152.65 — 86.06 = 66.59 Btu/lbm 


Aout 1 66.59 Btu/lbm 
din 186.51 Btu/Ibm 


= 0.6430 = 64.3% 


Then 77, =1 
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9-161E A simple ideal Brayton cycle with air as the working fluid operates between the specified temperature limits. The 
net work is to be determined using constant and variable specific heats. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are c, = 0.240 Btu/lbm-R and k= 1.4 (Table A-2Ea). 


Analysis (a) Constant specific heats: 


Tar, = (480 R)2)°*"* =976.3R 


1 (k-)/k q \0414 
T,= n+ = (1460 oE) =717.8R 


P 


Wnet = Wturb — Wcomp 
=c,(T; -T4)- c,h -T,) 
=c (T3 -T, +T, - T3) 
= (0.240 Btu/lbm - R)(1460 — 717.8 + 480 — 976.3)R 
= 59.0 Btu/lbm 


(b) Variable specific heats: (using air properties from Table A-17E) 


h, =114.69 Btu/lbm 
T, = 480R —> 
P., = 0.9182 


P 


r 


P. 
= a = (12)(0.9182) = 11.02 —> h, = 233.63 Btu/lbm 
1 


h, = 358.63 Btu/lbm 
T; =1460 R —> 
P., = 50.40 


P 1 
P4 = p P» (5o 4.12 —> h, =176.32 Btu/Ibm 
3 


Wnet = Wturb — Wcomp 
= (hy -h4)- (h, —hy) 
= (358.63 — 176.32) —(233.63-—114.69) 


= 63.4 Btu/lbm 
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9-162 A turbocharged four-stroke V-16 diesel engine produces 3500 hp at 1200 rpm. The amount of power produced per 
cylinder per mechanical and per thermodynamic cycle is to be determined. 


Analysis Noting that there are 16 cylinders and each thermodynamic cycle corresponds to 2 mechanical cycles 
(revolutions), we have 


(a) 
Ss we Total power produced 
mechanical — (No. of cylinders)(No. of mechanical cycles) 
7 3500 hp an sat 
(16 cylinders)(1200 rev/min) 1hp 
= 7.73 Btulcyl -mech cycle (= 8.16 kJ/cyl- mech cycle) 
(b) 


Total power produced 


W thermodynamic z 


(No.of cylinders)(No. of thermodynamic cycles) 
3500 hp 42.41 Btu/min 
= (16 cylinders)(1200/2 rev/min) 1hp ) 
=15.46 Btu/cyl- therm cycle (=16.31kJ/cyl- therm cycle) 


9-163 A simple ideal Brayton cycle operating between the specified temperature limits is considered. The pressure ratio for 
which the compressor and the turbine exit temperature of air are equal is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential 
energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The specific heat ratio of air is k =1.4 (Table A-2). 


Analysis We treat air as an ideal gas with constant specific heats. Using the isentropic relations, the temperatures at the 
compressor and turbine exit can be expressed as 


p (k-1)/k 
Ve = “(2 | _ T(r, pe 


1 


A (k-1)/k i (k-1)/k 
Ñ= 7 2) = “(2 
3 p 


Setting T = T, and solving for r, gives 


T k/2(k-1) 1500 K 1.4/0.8 
Tı 300 K 


Therefore, the compressor and turbine exit temperatures will be equal when the compression ratio is 16.7. 
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9-164 D A four-cylinder spark-ignition engine with a compression ratio of 8 is considered. The amount of heat supplied 
per cylinder, the thermal efficiency, and the rpm for a net power output of 60 kW are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 
Properties The gas constant of air is R = 0.287 kJ/kg:K (Table A-1). The properties of air are given in Table A-17. 


Analysis (a) Process 1-2: isentropic compression. 


T, =310 K —> u, = 221.25 kJ/kg 


Vv, =572.3 

1 

a2, =2y, =~ 6723) =5450 
oy "r 105 


—> u, = 564.29 kJ/kg 
Process 2-3: v= constant heat addition. 


T} = 2100 K —> u; =1775.3 kJ/kg 
v, = 2.356 


r. 


PV, (98 kPa \0.0004 m? 


= 4,406 x10 kg 
RT, (0.287 kPa-m*/kg - K {310 K) 


Qn =m(u; - u, )= (4.406 x107 kg\1775.3 —564.29)kJ/kg = 0.5336 kJ 


(b) Process 3-4: isentropic expansion. 


v, = tv, =rv, =(10.5)(2.356)= 24.74 —> u, = 764.05 kJ/kg 


T4 r3 


Process 4-1: v= constant heat rejection. 


Qou = Mhu, —u,)= (4.406 x10 kg 764.05 — 221.25)kJ/kg = 0.2392 kJ 
Woet = Qin — Qout = 0.5336 — 0.2392 = 0.2944 kJ 


Wre _ 0.2944 KI _ 9 e177 55.2% 


Te =". 0.5336 kJ 


Wret 45 kJ/s 60 s |- 4586 rpm 


=(2 rev/cycle) - 
1min 


(c) n=2 
Ney) Wnet cyl 4x (0.2944 kJ/cycle) 


Note that for four-stroke cycles, there are two revolutions per cycle. 
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EES 
9-165 Problem 9-164 is reconsidered. The effect of the compression ratio net work done and the efficiency of the 
cycle is to be investigated. Also, the T-s and P-v diagrams for the cycle are to be plotted. 


Analysis Using EES, the problem is solved as follows: 


"Input Data" 

T[1]=(37+273) [K] 

P[1]=98 [kPa] 

T[3]= 2100 [K] 

V_cyl=0.4 [L]*Convert(L, m^3) 
r_v=10.5 "Compression ratio" 
W_dot_net = 45 [kW] 

N_cyl=4 "number of cyclinders" 
v[1]/v[2]=r_v 


"The first part of the solution is done per unit mass." 

"Process 1-2 is isentropic compression" 

s[1]=entropy(air, T=T[1],P=P[1]) 

s[2]=s[1] 

s[2]=entropy(air, T=T[2], v=v[2]) 

P[2]}*v[2]/T[2]=P[1]*v[1]/T[1] 

P[1]*v[1]=R*T[1] 

R=0.287 [kJ/kg-K] 

"Conservation of energy for process 1 to 2: no heat transfer (s=const.) with work input" 
w_in = DELTAu_12 

DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1]) 

"Process 2-3 is constant volume heat addition" 

s[3]=entropy(air, T=T[3], P=P[3]) 

{P[3]*v[3]/T[3]=P[2]*v[2]/T[2]} 

P[3]*v[3]=R*T[3] 

v[3]=v[2] 

“Conservation of energy for process 2 to 3: the work is zero for v=const, heat is added" 
g_in = DELTAu_23 

DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2]) 

"Process 3-4 is isentropic expansion" 

s[4]=entropy(air, T=T[4],P=P[4]) 

s[4]=s[3] 

P[4]*v[4]/T[4]=P[3]*v[3]/T[3] 

{P[4]*v[4]=R*T[4]} 

"Conservation of energy for process 3 to 4: no heat transfer (S=const) with work output" 
- w_out = DELTAu_34 

DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3]) 

"Process 4-1 is constant volume heat rejection" 

v[4]=v[1] 

"Conservation of energy for process 2 to 3: the work is zero for v=const; heat is rejected” 
- q_out = DELTAu_41 

DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4]) 

w_net = w_out - w_in 

Eta_th=w_net/q_in*Convert(, %) "Thermal efficiency, in percent" 

"The mass contained in each cylinder is found from the volume of the cylinder:" 
V_cyl=m*v[1] 

"The net work done per cycle is:" 
W_dot_net=m*w_net"kJ/cyl"*N_cyl*N_dot"mechanical cycles/min"*1"min"/60"s"*1"thermal cycle"/2"mechanical 
cycles" 
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ly Nth Wnet igt Air Otto Cycle P-v Diagram 
[%] | [kJ/kg] 
5 42 568.3 
6 45.55 | 601.9 
7 48.39 | 625.7 
8 50.74 | 642.9 = 
9 52.73 | 655.5 g 
10 | 54.44 | 664.6 a 
11 | 55.94 | 671.2 
102 101 10° 10! 102 
v [m@/kg] 
Air Otto Cycle T-s Diagram 
3000 T T T T T T T T T T T T T T T T 
[ 6971 kPa 
2500 |- 7 
2000 L A 3 
98 kPa 
x 1500 | 
= L 
1000 L 
500 L 
(0) f 1 L fi 1 f fi f 1 fi L fi 1 1 1 f 
40 45 50 55 60 65 70 75 80 85 
s [kJ/kg-K] 
56 , , 3 : , , 
[ m 680 i ; i 
54 L 
| Pi | a ae 
52 ran L Pa | 
= I + = 640 
S, 50 ral 2 L a | 
t: J "3 
£ =, 620 
È 48 5 
L {| 2 F ] 
46 = 600 
44 | | 580 
+ i i i 560 L_. | 
5 7 8 9 10 11 5 6 7 8 10 
ly r, 


11 
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9-166 An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio, and 
minimum temperature of the energy source are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Helium is an ideal gas with constant specific heats. 


Properties The specific heat ratio of helium is k = 1.667 (Table A-2a). 


Analysis From the definition of the thermal efficiency of a Carnot heat engine, T 
T; T; (15+273)K Ty 
11 th,Carnot =1-— > Ty =———— =—_—__— =576 K 
Ty 1- 77 th,Carnot 1-0.50 
An isentropic process for an ideal gas is one in which PV remains constant. 
Then, the pressure ratio is 288 K 
k(k-L) 1.667 /(1.667—1) s 
P. T. 576K 
+ =| = =5.65 
P, Tı 288K 


Based on the process equation, the compression ratio is 


1/k 
“|| -6.6517 -2.83 
v2 P, 


9-167E An ideal gas Carnot cycle with helium as the working fluid is considered. The pressure ratio, compression ratio, 
and minimum temperature of the energy-source reservoir are to be determined. 


Assumptions 1 Kinetic and potential energy changes are negligible. 2 Helium is an ideal gas with constant specific heats. 
Properties The specific heat ratio of helium is k = 1.667 (Table A-2Ea). 

Analysis From the definition of the thermal efficiency of a Carnot heat engine, 
T; T; _ (60 +460) R 


>Ty = 
Ty I= 77 th,Carnot 1- 0.60 


=1300 R Ty 


77 th,Carnot 1 


An isentropic process for an ideal gas is one in which PV remains constant. 
Then, the pressure ratio is 


k(k-1 = 
P, i T, (k-1) E 1300 R 1.667 /(1.667—1) ee 
P (T 520R ` 


520 R 


Based on the process equation, the compression ratio is 


1/k 
ee (22) = (9.88) 167 _ 3.95 
Vy 
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9-168 The compression ratio required for an ideal Otto cycle to produce certain amount of work when consuming a given 
amount of fuel is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 4 The combustion efficiency is 100 percent. 


Properties The properties of air at room temperature are k = 1.4 (Table A-2). 


Analysis The heat input to the cycle for 0.043 grams of fuel consumption is 
Qin = Muey = (0.035x10~? kg)(43,000 kJ/kg) = 1.505 kJ 


The thermal efficiency is then 


wW 1kJ 
Nh == = 0.6645 


Qin 1.505kI 


From the definition of thermal efficiency, we obtain the required compression ratio to be 


15.3 


n 1 1 >r= 1 = 1 = 
th pel (nw ya (10.6645) 44-9 
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9-169 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat 
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). The properties of air are given in Table A-17. 


Analysis (a) Process 1-2: isentropic compression. 


T, = 300 K —> u, = 214.07 kJ/kg 


v, =621.2 
1 
Vv 1 1 
v, =v, =-, (621.2)= 67.52 > T, = 708.3 K 
2 v o r^ 92 


u, =518.9 kJ/kg 


P P T 708.3 K 
M = pp ee (99 (98 kPa) = 2129 kPa 
2 : 300 K 


Process 2-3: v= constant heat addition. 


P. P. P. 
S303 iY gp = 2T, =2T, =(2708.3)=1416.6 K —> u, =1128.7 kJ/kg 
T; T P, 
v, =8.593 
in =U} —Uy =1128.7 -518.9 = 609.8 kJ/kg 
(b) Process 3-4: isentropic expansion. 
V4 
erm aa (9.2)(8.593) = 79.06 ——> u, = 487.75 kJ/kg 
Process 4-1: v= constant heat rejection. 
dout = U4 — U} = 487.75 — 214.07 = 273.7 kJ/kg 
Wnet = qin — out = 609.8 — 273.7 = 336.1 kJ/kg 
336.1 kJ/k 
O  m=-%t-=- 8 55.1% 
din 609.8 kJ/kg 
RT, (0.287 kPa-m?/kg-K K300 K 
@: vy ss | a-m°/kg: KI ) -0.879 m2/kg 
P 98 kPa 
Vin =¥2 = ei 
r 
ppo tie Waet 2 336.1 kJ/kg 1kPa-m° )_ Boi 
v-v, u(1-1/r) (0.879 m®/kgķa-1/9.2)( 1K 
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9-170 An ideal Otto cycle with air as the working fluid with a compression ratio of 9.2 is considered. The amount of heat 
transferred to the air, the net work output, the thermal efficiency, and the mean effective pressure are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic 
and potential energy changes are negligible. 3 Air is an ideal gas with P 
constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, 
cy = 0.718 kJ/kg-K, and k= 1.4 (Table A-2a). 


Analysis (a) Process 1-2 is isentropic compression: 


2 


k-1 
T, = (4) = (300 KY9.2)"* = 728.8 K 


Pv, P T. 728.8 K 
202 oS pa 2p Ho (98 kPa) = 2190 kPa 
i s 300 K 


Process 2-3: v= constant heat addition. 


P. P. P. 
3V3 Pav, > T4 =T, =2T, = (2\728.8)=1457.6 K 

T} T, P, 

qin =U; —Uy =C, (T3 -T, ) = (0.718 kJ/kg - K {1457.6-728.8)K = 523.3 kJ/kg 


(b) Process 3-4: isentropic expansion. 
k-1 0.4 
V3 1 
T, =T3| — = (1457.6 KS) = 600.0 K 
V4 9.2 


Process 4-1: v= constant heat rejection. 


out =Ug —Uy = C, (Ty —T, )= (0.718 kJ/kg -K {600 -300)K = 215.4 kJ/kg 


Wnet = qin — Vout = 523.3- 215.4 = 307.9 kJ/kg 


Waet _ 307.9 kJ/kg 


Cc = = = 58.8% 
O == 593.3 klk i 
RT, (0.287 kPa-m°/kg-K {300 K 
C a _ (0.287 kPa -m*/kg 300 K) ) -0.879 m3/kg 
Pi 98 kPa 
Vmin 3v2 = g 
r 
MEP = Wret _ Wret = 


307.9 kJ/kg f kPa -m° 


=393 kP 
v-v, v(l-1/r) (0.879 m°/kg\1-1/9.2) 1kJ | a 
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9-171E An ideal dual cycle with air as the working fluid with a compression ratio of 12 is considered. The thermal 
efficiency of the cycle is to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm.R, c, = 0.171 Btu/lbm.R, and k= 1.4 (Table 
A-2E). 


Analysis The mass of air is 


ma PM (47 psia)(98/1728 ft?) 
RT, (0.3704 psia - ft?/Ibm - R X580 R) 


= 0.003881 Ibm 
Process 1-2: isentropic compression. 


k-1 
Ty = (Z| = (580 R\14)°* =1667 R 
2 


Process 2-x: v = constant heat addition, 


Q2-x,;in z mļuy ZU, ) =mC, (T, = T,) 
0.6 Btu = (0.003881 lbm {0.171 Btu/lbm - R\T, —1667)R —> T, =2571R 


Process x-3: P = constant heat addition. 
Qx-3,in z m(h; 7 h,)= MC p (T; 7 T,) 
1.1 Btu = (0.003881 Ibm \(0.240 Btu/lbm - R \(T} — 2571)R —> T; =3752 R 


PV, =. PW, 
T T 


X 


Process 3-4: isentropic expansion. 


k-1 k-1 k-1 0.4 

v. 1.459V, 

T, -xf | -rÍ ; -1,() = (3752 Ri =) =1519R 
V, V, r 14 


Process 4-1: v= constant heat rejection. 


Qout = m(u, = u, )= mc, (T, a T,) 
= (0.003881 Ibm {0.171 Btu/lbm - R)(1519 — 580)R = 0.6229 Btu 
Qout _, _ 0.6229 Btu 


Ny =1- >22 =1- = — =0.6336 = 63.4% 
Qin 1.7 Btu 
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9-172 An ideal Stirling cycle with air as the working fluid is considered 
work output are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic 
and potential energy changes are negligible. 3 Air is an ideal gas with 
constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 
kJ/kg.K, cp = 1.005 kJ/kg.K, cą = 0.718 kJ/kg-K, and k= 1.4 
(Table A-2). 


Analysis (a) The entropy change during process 1-2 is 


qı2 _ 900 kJ/kg 


S5-S,;= 
2 1 Ty 1800K 


=0.5 kJ/kg -K 


and 


#0 
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. The maximum pressure in the cycle and the net 


T din = 900 kJ/kg 


1800 K 1 2 


350 K 


ig 
s2 =s, =c, In + Rin > —> 0.5 kJ/kg -K = (0.287 kJ/kg - K)In + —> “2 =5.710 


1 vi 


Pv; _ Pivi v Ti v Ti 


> P =P; =P, 
T; T, v, T} vi Ls 


(b) The net work output is 


T 350 K 
Wnet = 7th din h S | in — h Jooo kJ/kg) = 725 
H 


~ 1800 K 


= (200 krays.710| ani 


vi vi 


1800 K 


) = 5873 kPa 


kJ/kg 
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9-173 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The properties of air are given in Table A-17. 


Analysis The properties at various states are 


T,=300K —> 


T; =1300K —> 


P. =1.386 


ri 


r 


h, = 300.19 kJ/kg 


h, = 1395.97 kJ /kg 
P,, = 330.9 


> hy =501.40 kJ/kg 


= (zez) =55.15 —> h, = 855.3 kJ/kg 


= hy —h, =1395.97 -501.40 = 894.57 kJ/kg 


= qin — Vou = 894.57 -555.11 = 339.46 kJ/kg 


37.9% 


> h, =610.6 kJ/kg 


2 (Zes 27.58 —> hy = 704.6 kJ/kg 


= h} — h, =1395.97 — 610.60 = 785.37 kJ/kg 


= qin — Wout = 785.37 — 404.41 = 380.96 kJ/kg 


48.5% 


For r, = 6, 
P, 
P., =— P, =(6\1.386) =8.316 
2 P, 1 
P 
P= A P,, 
3 
din 
ou = hg — hy =855.3— 300.19 = 555.11 kJ/kg 
Wet 
Wnet _ 339.46 kJ/kg _ 
Th n 894.57 kJ/kg 
For rp = 12, 
P, 
P,, =— P, =(12\1.386)=16.63 
1 
P 
P, = p a 
F 12 
din 
dom = h4 -h = 704.6 -300.19 = 404.41 kJ/kg 
Wet 
Wnet _ 380.96 kJ/kg _ 
Th a 785.37 kIikg 
Thus, 
(a) 


(b) 


Anp = 48.5% 


37.9% = 10.6% 


AW net = 380.96 — 339.46 = 41.5 kJ/kg (increase) 


(increase) 


a 


23 
2 
Z 4 
A 
1 
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9-174 A simple ideal Brayton cycle with air as the working fluid is considered. The changes in the net work output per unit 
mass and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are R = 0.287 kJ/kg.K, cp = 1.005 kJ/kg.K, c, = 0.718 kJ/kg-K, and 
k = 1.4 (Table A-2). 


Analysis Processes 1-2 and 3-4 are isentropic. Therefore, For r, = 6, 


P (k-1)/k 

T, =T,| = = (300 K\6)"""* = 500.6 K T 
P, y 
P (k-1)/k 1 0.4/1.4 2° 

T, =T;| ~ = (1300 K{2) =779.1K qin 43 
Py 6 

qin = hg -h =c, (T; -T,) y 

= (1.005 kJ/kg - K)(1300 —500.6)K = 803.4 kJ/kg Z : 4 
out 


Gout = Ng — hy Seth -T,) 
= (1.005 kJ/kg -K)(779.1-300)K = 481.5 kJ/kg 


Wnet = qin — Gout = 803.4 — 481.5 = 321.9 kJ/kg 
ne = itt = 321.9 kJ/kg 49.19% 
"din 803.4 kJ/kg 
For r, = 12, 


(k-1)/k 
T, = nfz 2 ) = (300 K)(12)’*"* = 610.2 K 


P (k-1)/k 1 0.4/1.4 
T, = rf 4 ) = (1300 K(5} = 639.2 K 


din =h3—hy =C, (T; -T,) 
= (1.005 kJ/kg - K {1300 - 610.2)K = 693.2 kJ/kg 
Gout = h4 — hy =e: (0) -T,) 
= (1.005 kJ/kg -K {639.2 —300)K = 340.9 kJ/kg 
= qin — Tou = 693.2 —340.9 = 352.3 kJ/kg 


net 


_ Wnet _ 392.3 kJ/kg _ 
qin 693.2 kJ/kg 


50.8% 


Thus, 
(a) AW net = 352.3- 321.9 = 30.4 kJ/kg (increase) 


(b) Any = 50.8% — 40.1% =10.7% (increase) 
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9-175 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is 
considered. The back work ratio and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Air is an ideal gas with constant 
specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg.K, 
cy = 0.718 kJ/kg-K, and k= 1.4 (Table A-2). 


Analysis The work inputs to each stage of compressor are identical, so 
are the work outputs of each stage of the turbine. 


P (k-1)/k 

Ty, =T, = nf = ) = (300 KX4)?*"* = 445.8 K 
1 

hy, Z hı _ cp Ts -T,) 


— > T, =T, =T, +; -T,)/n 
hy —h, c (T, -T,) 4 2 1 T 1) E 


= 300 + (445.8 — 300)/(0.78) 
= 486.9 K 


P (k-1)/k 0.4/1.4 
F 1 
To; =T7, = ce = (1400 Kz) =942.1K 


1c = 


1r = > Ty =T; =T; — 77 (Ts - Tzs) 
hech Cpls ~Trs) =1400 - (0.86)(1.400 — 942.1) 
=1006 K 
z Toe 
TE ¢p(Ts -T4) > T; =T; + &(Ty -T,) 


= 486.9 + (0.75)(1006 — 486.9) 
= 876.4 K 


Won = (hy — h; )= 2c p(T, — T, )= 2(1.005 kJ/kg - K)(486.9 — 300)K = 375.7 kJ/kg 
Wr ou = 2(hg — hy )= 2c „(Te - T; )= 2(1.005 kJ/kg - K (1400 — 1006)K = 791.5 kJ/kg 
Thus, 


| Wein _ 375.7 kJ/kg _ 
Wrou 791.5 kJ/kg 


din =(he E h;)+ (hg = h,)=c, |T; -T;)+ (T, -T;)] 
= (1.005 kJ/kg - K \|(1400 — 876.4) + (1400 — 1006)]K = 922.0 kJ/kg 


0.475 


Tow 


Wnet = Wrout — Wein = 791.5 — 375.7 = 415.8 kJ/kg 


415.8 kI/k 
Ny =e = È _ 0.451= 45.1% 
din 922.0 kJ/kg 
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EES 
9-176 Problem 9-175 is reconsidered. The effect of the isentropic efficiencies for the compressor and turbine and 
regenerator effectiveness on net work done and the heat supplied to the cycle is to be investigated. Also, the T-s diagram for 
the cycle is to be plotted. 


Analysis Using EES, the problem is solved as follows: 


"Input data" 

T[6] = 1400 [K] 

T[8] = T[6] 

Pratio = 4 

T[1] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = T[1] 

Eta_reg = 0.75 "Regenerator effectiveness" 
Eta_c =0.78 "Compressor isentorpic efficiency" 
Eta_t =0.86 "Turbine isentropic efficiency" 


"LP Compressor:" 

"Isentropic Compressor anaysis" 

s[1J=ENTROPY (Air, T=T[1],P=P[1]) 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 
P[2] = Pratio*P[1] 

s_s[2J=ENTROPY (Air, T=T_s[2],P=P[2]) 

"T_s[2] is the isentropic value of T[2] at compressor exit" 

Eta_c = w_compisen_LP/w_comp_LP 

"compressor adiabatic efficiency, W_comp > W_compisen" 


"Conservation of energy for the LP compressor for the isentropic case: 
e_in- e_out = DELTAe=0 for steady-flow" 

h[1] + w_compisen_LP = h_s[2] 

h[1J=ENTHALPY (Air, T=T[1]) 

h_s[2]=ENTHALPY (Air, T=T_s[2]) 


"Actual compressor analysis:" 

h[1] + w_comp_LP = h[2] 
h[2]=ENTHALPY (Air, T=T[2]) 
s[2]=-ENTROPY (Air, T=T[2], P=P[2]) 


"HP Compressor:"” 

s[3]=ENTROPY (Air, T=T[3], P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the HP compressor" 
P[4] = Pratio*P[3] 

P[3] = P[2] 

s_s[4J=ENTROPY (Air, T=T_s[4],P=P[4]) 

"T_s[4] is the isentropic value of T[4] at compressor exit" 

Eta_c = w_compisen_HP/w_comp_HP 

"compressor adiabatic efficiency, W_comp > W_compisen" 


"Conservation of energy for the compressor for the isentropic case: 
e_in- e_out = DELTAe=0 for steady-flow" 

h[3] + w_compisen_HP = h_s[4] 

h[3]=ENTHALPY (Air, T=T[3]) 

h_s[4J=ENTHALPY (Air, T=T_s[4]) 


"Actual compressor analysis:" 

h[3] + w_comp_HP = h[4] 
h[4J=ENTHALPY (Air, T=T[4]) 
s[4J=ENTROPY (Air, T=T[4], P=P[4]) 
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"Intercooling heat loss:" 
h[2] = q_out_intercool + h[3] 


"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 
e_in-e out =DELTAe_cv =0 for steady flow" 

h[4] + q_in_noreg = h[6] 


h[6]=ENTHALPY (Air, T=T[6]) 
P[6]=P[4]"process 4-6 is SSSF constant pressure" 


"HP Turbine analysis" 


s[6J]=ENTROPY (Air, T=T[6],P=P[6]) 

s_s[7]=s[6] "For the ideal case the entropies are constant across the turbine" 

P[7] = P[6] /Pratio 

s_s[7J=ENTROPY (Air, T=T_s[7],P=P[7])"T_s[7] is the isentropic value of T[7] at HP turbine exit" 
Eta_t = w_turb_HP /w_turbisen_HP "turbine adiabatic efficiency, w_turbisen > w_turb" 


"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
e_in -e_out = DELTAe_cv = 0 for steady-flow" 

h[6] = w_turbisen_HP + h_s[7] 

h_s[7]=ENTHALPY (Air, T=T_s[7]) 

"Actual Turbine analysis:" 

h[6] = w_turb_HP + h[7] 

h[7]=ENTHALPY (Air, T=T[7]) 

s[7J]=ENTROPY (Air, T=T[7], P=P[7]) 


"Reheat Q_in:" 
h[7] + q_in_reheat = h[8] 
h[8]=ENTHALPY (Air, T=T[8]) 


"HL Turbine analysis" 


P[8]=P[7] 

s[8J=ENTROPY (Air, T=T[8],P=P[8]) 

s_s[9]=s[8] "For the ideal case the entropies are constant across the turbine" 

P[9] = P[8] /Pratio 

s_s[9J=ENTROPY (Air, T=T_s[9],P=P[9])"T_s[9] is the isentropic value of T[9] at LP turbine exit" 
Eta_t = w_turb_LP /w_turbisen_LP "turbine adiabatic efficiency, w_turbisen > w_turb" 


"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
e_in -e_out = DELTAe_cv = 0 for steady-flow" 

h[8] = w_turbisen_LP + h_s[9] 

h_s[9]=ENTHALPY (Air, T=T_s[9]) 

"Actual Turbine analysis:" 

h[8] = w_turb_LP + h[9] 

h[9]=ENTHALPY (Air, T=T[9]) 

s[9J=ENTROPY (Air, T=T[9], P=P[9]) 


"Cycle analysis" 

w_net=w_turb_HP+w_turb_LP - w_comp_HP - w_comp_LP 
q_in_total_noreg=q_in_noreg+q_in_reheat 
Eta_th_noreg=w_net/(q_in_total_noreg)*Convert(, %) "[%]" "Cycle thermal efficiency" 
Bwr=(w_comp_HP + w_comp_LP)/(w_turb_HP+w_turb_LP)"Back work ratio" 


"With the regenerator, the heat added in the external heat exchanger is" 
h[5] + q_in_withreg = h[6] 

h[5J=ENTHALPY (Air, T=T[5]) 

s[5]=ENTROPY (Air, T=T[5], P=P[5]) 

P[S]=P[4] 
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"The regenerator effectiveness gives h[5] and thus T[5] as:" 
Eta_reg = (h[5]-h[4])/(h[9]-h[4]) 

"Energy balance on regenerator gives h[10] and thus T[10] as:" 
h[4] + h[9]=h[5] + h[10] 

h[10J=ENTHALPY (Air, T=T[10]) 

s[10]=ENTROPY (Air, T=T[10], P=P[10]) 

P[10]=P[9] 


"Cycle thermal efficiency with regenerator" 
q_in_total_withreg=q_in_withreg+q_in_reheat 
Eta_th_withreg=w_net/(q_in_total_withreg)*Convert(, %) "[%]" 


"The following data is used to complete the Array Table for plotting purposes." 
s_s[1]=s[1] 

T_s[1]=T[1] 

s_s[3]=s[3] 

T_s[3]=T[3] 
s_s[5]=ENTROPY (Air, T=T[5],P=P[5]) 
T_s[5]=T[5] 

s_s[6]=s[6] 

T_s[6]=T[6] 

s_s[8]=s[8] 

T_s[8]=T[8] 

s_s[10]=s[10] 

T_s[10]=T[10] 


Treg Nc Nt Nth,noreg Nth,withreg Qin,total,noreg Qin, total, withreg Wnet 
[%] [%] [kJ/kg] [kJ/kg] [kJ/kg] 
0.6 0.78 0.86 30.57 41.29 1434 1062 438.5 
0.65 0.78 0.86 30.57 42.53 1434 1031 438.5 
0.7 0.78 0.86 30.57 43.85 1434 1000 438.5 
0.75 0.78 0.86 30.57 45.25 1434 969.1 438.5 
0.8 0.78 0.86 30.57 46.75 1434 938.1 438.5 
0.85 0.78 0.86 30.57 48.34 1434 907.1 438.5 
0.9 0.78 0.86 30.57 50.06 1434 876.1 438.5 
0.95 0.78 0.86 30.57 51.89 1434 845.1 438.5 
1 0.78 0.86 30.57 53.87 1434 814.1 438.5 

1600 Alr 
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1500 


1400 


ee 


1300 No regeneration 


1200 


1100 


=1000 With regeneration 


Gin, total [kJ/kg] 
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9-177 A regenerative gas-turbine engine operating with two stages of compression and two stages of expansion is 
considered. The back work ratio and the thermal efficiency are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and 
potential energy changes are negligible. 3 Helium is an ideal gas with constant T 
specific heats. 


Properties The properties of helium at room temperature are c, = 5.1926 
kJ/kg.K and k= 1.667 (Table A-2). 


Analysis The work inputs to each stage of compressor are identical, so are the 
work outputs of each stage of the turbine. 


(k-1)/k 

P 

Ty, =T, = nf = ) = (300 K4)?°°""°°" -522.4 K 
1 


= To, -T 
Ic zie ee ee =T,=T, +(T, -T,)/ nc 


Beh eG) = 300 + (522.4 — 300)/(0.78) 
= 585.2 K 


P (k-1)/k 0.667/1.667 
v4 1 
To; =T7, = nf = (1400 Kz) =804.0 K 


1r = > Ty =T; =T; -nr (Tg - Tys) 
hich Cpls ~Trs) =1400 — (0.86)(1400 — 804.0) 
=887.4 K 
z Tai, 
TE cp(Ts -T4) > T; =T; + &(Ty -T,) 


=585.2 + (0.75)(887.4 - 585.2) 
=811.8 K 


Won = 2(h, — h; )= 2c p(T, — T, )= 2(5.1926 kJ/kg - K (585.2 — 300)K = 2961 kJ/kg 
Wr ou = 2(hg — h; )= 2c „(Ts - T; )=2(5.1926 kJ/kg - K (1400 - 887.4)K =5323 kJ/kg 
Thus, 


Wein 2961 kJ/k 
eae 5 -0.556 
Wrog 5323 KJ/kg 


din = (he z hs )+ (hg T h,)=c [Te -T;)+ (T -T; )] 
= (5.1926 kJ/kg - K)[(1400 — 811.8) + (1400 — 887.4)|K = 5716 kJ/kg 


Wnet = Wr out — Wein = 5323 — 2961 = 2362 kJ/kg 


Waet _ 2362 kJ/kg 
din 5716 kJ/kg 


Thin = = 0.4133 = 41.3% 


9-149 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


9-150 


9-178 An ideal gas-turbine cycle with one stage of compression and two stages of expansion and regeneration is 
considered. The thermal efficiency of the cycle as a function of the compressor pressure ratio and the high-pressure turbine 
to compressor inlet temperature ratio is to be determined, and to be compared with the efficiency of the standard 
regenerative cycle. 


Analysis The T-s diagram of the cycle is as shown in the figure. If the 
overall pressure ratio of the cycle is r,, which is the pressure ratio 
across the compressor, then the pressure ratio across each turbine 
stage in the ideal case becomes V rp. Using the isentropic relations, the 
temperatures at the compressor and turbine exit can be expressed as 


p (k-1)/k a 
-1)/ 
no=1(2) =1,(r, } 


1 


(k-1)/k 


p (k-1)/k 1 
1-k)/2k 
T =T, 1 2) T T =T; A 
3 lp 
(k-1)/ k (k-1)/ k 
P 1 _ 2 = X 
T; = r| +) =T; _ Tri k)/2k _ Tr, * a, N k)/2k _ Tr, * 1)/2k 
P; Ale 
Then, 
1-k)/2k 
in = hg hy =Cp(Ta T,)=cpTsl a 
k-1)/2k 
out = he — hy Scat; 1, )=c,Ty (rp! ) 1) 
and thus 
(k-1)/2k 
q- lot 4 RAR 1) 
th (1-k)/ 2k 
de er) 
which simplifies to 
Ti (k-1)/2k 
Tih = 1- T, lp 


3 


The thermal efficiency of the single stage ideal regenerative cycle is given as 


Ti | (k-t)/k 
Ny =1-—r 
th T3 p 
Therefore, the regenerative cycle with two stages of expansion has a higher thermal efficiency than the standard 
regenerative cycle with a single stage of expansion for any given value of the pressure ratio rp. 
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9-179 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio, 
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion 
chamber and the regenerator are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with variable specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg-K. 


Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a 
function of temperature only whereas entropy is functions of both temperature and pressure. 


Optimum intercooling and reheating pressure is 


P, = P,P, = 4/(100)(1200) = 346.4 kPa 
Process 1-2, 3-4: Compression 


T, = 300 K —> h; = 300.43 kJ/kg 
T, = 300K 
P, =100 kPa 


js = 5.7054 kJ/kg -K 


P, =346.4 kPa 
S» = s4 = 5.7054 kJ/kg.K 


bh = 428.79 kJ/kg 


_ Ay, — hy 5 0.80 = 428-79 = 300.43 
h, —h, l h, — 300.43 


Ic >h, = 460.88 kJ/kg 


T3 =350 K —> h; = 350.78 kJ/kg 


T =350K 

53 =5.5040 kJ/kg - K 
P; = 346.4 kPa 
P, =1200 kPa 


hy, = 500.42 kJ/kg 
S4 = S3 = 5.5040 kJ/kg.K 


hy, —h 42-350. 
Nc =~ yiga 2 ee > hy = 537.83 kJ/kg 
h, -h h, -350.78 


Process 6-7, 8-9: Expansion 


T; =1400 K—> h; =1514.9 kJ/kg 
T; =1400 K 


sę = 6.6514 kJ/kg - K 
P; =1200 kPa 


P, =346.4 kPa 


h,, =1083.9 kJ/kg 
s; = sç =6.6514kJ/kg.K 


hg -h 1514.9- h 
p= 0.8 7 


80=——— => ___h, =1170.1kJ/kg 
hg — hy, 1514.9 — 1083.9 


T; =1300 K —> hg =1395.6 kJ/kg 


T; =1300K 

Sg = 6.9196 kJ/kg -K 
P, =346.4 kPa 
P, =100kPa 


hg, = 996.00 kJ/kg 
Sg = Sg = 6.9196 kJ/kg.K 
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-h 1395.6 — hg 
Ny = > 0.80 
hg — hg; 1395.6 — 996.00 


> hg =1075.9 kJ/kg 


Cycle analysis: 


Wein = h; — hy + hy — hz = 460.88 — 300.43 + 537.83 — 350.78 = 347.50 kJ/kg 


Weron = he — h; +hg -hy = 1514.9 -1170.1+1395.6 -1075.9 = 664.50 kJ/kg 


an Wcin _ 347.50 _ 0.523 
PW Wrou 664.50 ` 


Wnet = Wr out — Wein = 664.50 — 347.50 = 317.0 kJ/kg 


Regenerator analysis: 


hg -h 1075.9- h 
Eregen => —>0.75 = 1o > hio = 672.36 kJ/kg 
h — hy 1075.9 — 537.83 
ho = 672.36 K 
a Sip = 6.5157 kJ/kg - K 
Pio =100 kPa 


qregen = hg — hio = hs -h4 —> 1075.9 -672.36 = h; -537.83 > h; = 941.40 kJ/kg 


(b) din = hg — h; =1514.9 -941.40 = 573.54 kJ/kg 


Wnet _ 317.0 
din 573.54 


= 0.553 


1th = 


(c) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible 


thermal efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet 
temperature. That is, 


T, 
Nmax =1-—-=1- S00 0 786 
Ts 1400K 
and 
ny = ia 9223 _ 9.704 
Nmax 0-786 


(d) The exergies at the combustion chamber exit and the regenerator exit are 


Xs = hę — ho -To (S6 — So) 
= (1514.9 — 300.43)kJ/kg — (300 K)(6.6514 —5.7054)kJ/kg.K 
= 930.7 kJ/kg 


X10 = hio — ho — To (S10 — So) 
= (672.36 —300.43)kJ/kg — (300 K)(6.5157 —5.7054)kJ/kg.K 
= 128.8 kJ/kg 
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9-180 The thermal efficiency of a two-stage gas turbine with regeneration, reheating and intercooling to that of a three- 
stage gas turbine is to be compared. 


Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal gas with constant specific heats at room 
temperature. 3 Kinetic and potential energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2a). 
Analysis 
Two Stages: 


The pressure ratio across each stage is 
rp =v16 =4 
The temperatures at the end of compression and expansion are 


T, =T minr = (283 Ka) = 420.5 K 


1 (k-1)/k 10414 
T,= T|] = (873 (4) =587.5K 
r 


P 


The heat input and heat output are 


qin = 2c, (Tmax ~Te) = 2(1.005 kJ/kg- K)(873-587.5) K = 573.9 kJ/kg 


max 


Gout = 2c, (Te -Tmin ) = 2(1.005 kJ/kg - K)(420.5- 283) K = 276.4 kJ/kg 


The thermal efficiency of the cycle is then 


Fou 12764 0.518 


=1 
at din 573.9 


Three Stages: 


The pressure ratio across each stage is 
r, =16*° = 2.520 
The temperatures at the end of compression and expansion are 


T, =T__ rk = (283 K)(2.520)°"4 =368.5 K 
Cc 


min’ p 


1 (k-1)/k 1 yo“ 
T, =T — = (873 K) —— =670.4K 
° | i ) ( f z5) 


The heat input and heat output are 


qin = 3C p (Tmax — Te) = 3(1.005 kJ/kg K)(873- 670.4) K = 610.8 kJ/kg 


Gout = 3C p Te -Tmin ) = 3(1.005 kJ/kg - K)(368.5— 283) K = 257.8 kJ/kg 


The thermal efficiency of the cycle is then 


dou _1_ 2578 _ 9 578 


din 610.8 


Mn =1 
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9-181E A pure jet engine operating on an ideal cycle is considered. The thrust force produced per unit mass flow rate is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with 
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input. 


Properties The properties of air at room temperature are R = 0.3704 psia-ft?/Ibm-R (Table A-1E), Cp = 0.24 Btu/Ibm-R and 
k = 1.4 (Table A-2Ea). 


Analysis (a) We assume the aircraft is stationary and the air is moving 
towards the aircraft at a velocity of V; = 1200 ft/s. Ideally, the air 
will leave the diffuser with a negligible velocity (V2 = 0). 


Diffuser: 
2. <8 er 
Ein a E out = AE system CE ERA Ein = E out 
v2” -v 
hy +V /2 =h, +V? /2—>0 =h, -h += 1 
S 
0=c,(T, -T,)-V/ /2 
2 2 
T, =T, + V aa at (1200 ft/s) 1Bwilbm | _googR 
2c, (2)(0.24 BtuJlbm - R )| 25,037 ft2/s? 
k/(k-1) 1.4/0.4 
T. 609.8 R 
P, = P| = = (10 psia) ———— = 21.5 psia 
T, 490R 
Compressor: 
P, = P, = (r, XP, )= (921.5 psia) = 193.5 psia 
(k-1)/k 
=F, (> = (609.8 R)\(9)°"* =1142.4R 
2 
Turbine: 
Wceomp,in — Wturb,out R h; T hy z hy hs > c (Ts T, )= Cp (T, -T;) 
or T; = T, —T3 + T, = 1160 — 1142.4 + 609.8 = 627.4R 
Nozzle: 
P (k-1)/k lOni 0.4/1.4 
T; =T,| Æ -= (1160 R) —P** =497.5R 
P, 193.5 psia 
es peel 
En~ Eout = AE system aes — > En = Eon 
h,+Ve/2=h,+V¢ /2 
#0 
Ve -Ve 
0=h, -h; + 3 > 0=c,(T;-Ts)+Ve /2 
25,037 ft7/s* 
or, Ve =Vexie = .|(2)(0.24 Btu/Ibm - R)(627.4- 497.5)R| =" 5 _ | = 1249 ft/s 
1 Btu/Ibm 


The specific impulse is then 


F 
— =v, 
m 


V. 


L 


net = 1249-1200 = 49 mis 


exit 
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9-182 The electricity and the process heat requirements of a manufacturing facility are to be met by a cogeneration plant 
consisting of a gas-turbine and a heat exchanger for steam production. The mass flow rate of the air in the cycle, the back 
work ratio, the thermal efficiency, the rate at which steam is produced in the heat exchanger, and the utilization efficiency 
of the cogeneration plant are to be determined. 


Assumptions 1 The air-standard assumptions are 

applicable. 2 Kinetic and potential energy 325°C 15°C 
changes are negligible. 3 Air is an ideal gas with 
variable specific heats. Combustion 


Heat 
Analysis (a) For this problem, we use the eimhe 
properties of air from EES software. Remember 


that for an ideal gas, enthalpy is a function of 
temperature only whereas entropy is functions of 
both temperature and pressure. Sat. vap. 


Process 1-2: Compression 


T, = 20°C—> h = 293.5 kJ/kg 


T, = 20°C 

sı =5.682 kJ/kg -K 
P, =100 kPa 
P, =1000 kPa 


hy, = 567.2 kJ/kg 
Sy = S4 = 5.682 kJ/kg.K 


_ Ay, -h 50.86 = 5872 = 293.5 
h, —h, h, — 293.5 


>h, = 611.8 kJ/kg 


Nc 


Process 3-4: Expansion 


T, = 450°C —->h, = 738.5 kJ/kg 


h, —h h, — 738.5 
Ne = 4 ag gg--3 
h; i hys h; zA hys 


We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic 
efficiency relation, we find h = 1262 kJ/kg, T = 913.2°C, s3 = 6.507 kJ/kg.K. The solution by hand would require a trial- 
error approach. 


h_3=enthalpy(Air, T=T_3) 

s_3=entropy(Air, T=T_3, P=P_2) 

h_4s=enthalpy(Air, P=P_1, s=s_ 3) 
Also, 


T; = 325°C —> h; = 605.4 kJ/kg 


The inlet water is compressed liquid at 15°C and at the saturation pressure of steam at 200°C (1555 kPa). This is not 
available in the tables but we can obtain it in EES. The alternative is to use saturated liquid enthalpy at the given 
temperature. 


Ty =15°C 
h = 64.47 kJ/kg 
P, =1555kPa 
T,2 = 200°C 
Ayo = 2792 kJ/kg 
xX, =1 


The net work output is 


Woin = hy — h = 611.8 — 293.5 = 318.2 kJ/kg 
Wr out = 3 — h4 =1262 — 738.5 = 523.4 kJ/kg 
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Wnet = Wout ~ Win = 523.4 — 318.2 = 205.2 kJ/kg 


The mass flow rate of air is 


Wae _ 1500 kJ/s 


Ma =7.311kg/s 
Waet 205.2 kJ/kg 
(b) The back work ratio is 
Wr: 
Now = —" 318.2 _ 9.608 
Wrout 923.4 


The rate of heat input and the thermal efficiency are 


Qi, =m, (h; — h,) =(7.311kg/s)(1262 — 611.8)kJ/kg = 4753kW 


wW, 
EEU PEA E E 
Q,,  4753kW 


(c) An energy balance on the heat exchanger gives 
m, (hy — hs) =m, (hy — Ay) 
(7.311 kg/s)(738.5 — 605.4)kJ/kg = m,, (2792 — 64.47)kJ/kg —— m „ = 0.3569 kg/s 
(d) The heat supplied to the water in the heat exchanger (process heat) and the utilization efficiency are 
Q, = My (hyo — hy) = (0.3569 kg/s)(2792 — 64.47)kJ/kg = 973.5 kw 


Wnet +Qp _ 1500 + 973.5 
om 4753 kW 


E= = 0.5204 = 52.0% 
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9-183 A turbojet aircraft flying is considered. The pressure of the gases at the turbine exit, the mass flow rate of the air 
through the compressor, the velocity of the gases at the nozzle exit, the propulsive power, and the propulsive efficiency of 
the cycle are to be determined. 


Assumptions 1 The air-standard assumptions are applicable. 2 Potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Properties The gas constant of air is R = 0.287 kJ/kg-K (Table A-1). 


Analysis (a) For this problem, we use the properties from EES software. 
Remember that for an ideal gas, enthalpy is a function of temperature only 
whereas entropy is functions of both temperature and pressure. 


Diffuser, Process 1-2: 


T, = -35°C —> h = 238.23 kJ/kg 


2 p 
ka rg s 
2 2 
2 2 
(238.23 ki/kg) + COS mis) í e z) Sg we) Hu kg z) >h, = 269.37 kJ/kg 
2 1000 m^/s 2 1000 m^/s 


h, = 269.37 kJ/kg 


s, =5.7951 kJ/kg -K 
P, =50 kPa 


Compressor, Process 2-3: 


P; = 450 kPa 


hg, = 505.19 kJ/kg 
S3 = S» =5.7951kJ/kg.K 


hs, -h 505.19 — 269.37 
Nc =——? >0.83= 


= . > hs = 553.50 kJ/kg 
h, — h, h; — 269.37 


Turbine, Process 3-4: 


T, = 950°C —>h, = 1304.8 kJ/kg 


h, — h, = h, — h; —> 553.50 — 269.37 = 1304.8 — h; —> h; = 1020.6 kJ/kg 


where the mass flow rates through the compressor and the turbine are assumed equal. 


h, -h = 
1r = ——— T eS > hz, = 962.45 kJ/kg 
hy hs, 1304.8 — hs, 
T, =950°C 
: S4 =6.7725 kJ/kg - K 
P, = 450 kPa 


h;, = 962.45 kJ/kg 


P; =147.4 kPa 
Ss = s4 = 6.7725 kJ/kg -K 


(b) The mass flow rate of the air through the compressor is 


eed ia =_ =1.760 kg/s 
hy—hy (553.50 — 269.37) kJ/kg 


(c) Nozzle, Process 5-6: 


h; =1020.6 kJ/kg 


s; = 6.8336 kJ/kg -K 
P; =147.4 kPa 
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P, =40 kPa 


he, = 709.66 kJ/kg 
Sg = S5 = 6.8336 kJ/kg.K 


h. -h 1020.6 —h 
1y = =— >0.83 = 8 > hę = 762.52 kJ/kg 
h; — hs, 1020.6 — 709.66 
Ve Ve 
h: +— = h; +—& 
ie ai D 
2 
(1020.6 kJ/kg) + 0 = 762.52 kJ/kg + | ee oy, = 718.5 mis 
2 \1000 m^/s 


where the velocity at nozzle inlet is assumed zero. 


(d) The propulsive power and the propulsive efficiency are 


1kJ/kg 


W, = (V, —V,)V, = (1.76 kg/s)(718.5 m/s — 250 m/s)(250 m/s) ———— 2 — 
p = (Ve — VV; = (1.76 kg/s)( X es 


) = 206.1kW 


Qi, =m(h, — hy) = (1.76 kg/s)(1304.8 — 553.50)kJ/kg =1322 kw 


W, — 206.1kW 


= 0.156 
Q,, 1322 kW 


1p = 
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9-184 The three processes of an air standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams, and 
the expressions for back work ratio and the thermal efficiency are to be obtained. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis (a) The P-vand T-s diagrams for this cycle are as shown. 
(b) The work of compression is found by the first law for process 1-2: 
Gi» — W2 = Au,_, 


q = O(isentropic process) 


P 
w,_, =—Au,_, =-C, (T, =T) 2 3 
Weomp = —Wi_» = C, (T, -T,) 
The expansion work is found by 
1 
3 
Wary = Woe f Pav P(v,—v,)= R(T; -T,) y 
2 
The back work ratio is 
Weomp 2G (BEE) G T, (T,/T,—1) $ 3 
W»  R(T,-T,) RT, (,/T,-1) 5 


Process 1-2 is isentropic; therefore, 


k-1 k 
qT, = Vy = : and B = A = r“ 1 
T, (V, pero a ey, s 


Process 2-3 is constant pressure; therefore, 
BN, = PW, 2 A ines 
T. T. 


3 2 T, V, V, 

Process 3-1 is constant volume; therefore, 
EN AN ya a = pk 
L E L RA R 


The back work ratio becomes (C,=R/(k-1)) 


Worm. 1 1 eed 


w Tee r-1 


exp 


(c) Apply first law to the closed system for processes 2-3 and 3-1 to show: 
din = C, (T, -T,) 
Aout = C, (T, -T,) 

The cycle thermal efficiency is given by 


n =1 ou _ 4 C, (T; -T,) -1 1 T,(T,/T,-1) 
i din C, (T, -T,) kT, (T,/T, -1) 


The efficiency becomes 
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(d) Determine the value of the back work ratio and efficiency as r goes to unity. 


Wom 1 1 ped 
w kale r-1 


Woon 1 1 a -1 1 aii 1 k-1 re? 
lim = —_} im —* = {im |- i 


im 
i Wp k-1 n r-1 k-1(ir* -r| k-1[ ot det -(k 1)? 
Tai ma Ed EE lie ce 
Si Wwa K-1lk—k+1f kail 1 
4 1 1 r*-1 
ý kr* r-1 
1 1j,  r*-1 kr‘? 
ma = 1 rims po Tr H- himla k a kr -(k-1)r? 
1\k 
lim =0 
rah rc E at 


These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even 
though heat may be added to the system. 
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9-185 The three processes of an air standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams, and 
the expressions for back work ratio and the thermal efficiency are to be obtained. 


Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is 
an ideal gas with constant specific heats. 


Analysis (a) The P-vand T-s diagrams for this cycle are as shown. 


(b) The work of expansion is found by the first law for process 2-3: 


P 
o-3 — W>_3 = AU, , 
q, = O(isentropic process) 2 
W»; =—Au, ,=—C, (T, aT) 
Wap T WaS C, (T, -T;) 1 3 
The compression work is found by a 
1 
Weomp = -Wz -Í Pdv = -P (v, -v,)= R(T, -T,) 7 
3 


The back work ratio is 


Weomp HORST, GT GET) E, (1-7, /T,) 3 
Way  R(L-Ļ) RT (T,/T,-1) R (T,/T,-1) 


exp 


Process 3-1 is constant pressure; therefore, 
| ee ET ee 
T; T, T; V, V, r 


Process 2-3 is isentropic; therefore, 


k-1 k 
UM Vy =r‘ and cm y% =r" 
T, V, P, V, 


The back work ratio becomes (C,=R/(k-1)) 


1 1 
w => ea r-1 
comp = k 1 r = 
w ( ) een r r“"-1 


exp 

(c) Apply first law to the closed system for processes 1-2 and 3-1 to show: 
in =C, (T, -T,) 
Aout = C, (T, -T,) 

The cycle thermal efficiency is given by 


Na =1 out =| C.(G-T)_, T, (T/T, —1) 
© a G(T)  T(T,/T-1) 


Process 1-2 is constant volume; therefore, 
ER PE Ba 
T, 1 T P P, 


The efficiency becomes 
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r-1 
Tin = 1-k rk 1 
(d) Determine the value of the back work ratio and efficiency as r goes to unity. 
1 
w l-7 


ave E k-1 r-1 
2 =(k 1) =a = 


Wexp r“-1 ee ae | 
w r-1 
lim — =(k—1)4 lim =(k —1)3 lim ———_ 
r>1 Wexp ( ) r“ -r ( ) ro1 kr“ —1 
Wcom 1 
inte -f t- 
l Wap k-1 
r-1 
Neh LSR a 1 
r—1 
limn, =1—k a —1 =1-k lim kr“ 
1 
limn, =1 k k =0 


These results show that if there is no compression (i.e. r = 1), there can be no expansion and no net work will be done even 
though heat may be added to the system. 
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9-186 The four processes of an air-standard cycle are described. The cycle is to be shown on the P-vand T-s diagrams; an 
expression for the cycle thermal efficiency is to be obtained; and the limit of the efficiency as the volume ratio during heat 
rejection approaches unity is to be evaluated. 


Analysis (a) The P-vand T-s diagrams of the cycle are shown in the figures. 


(b) Apply first law to the closed system for processes 2-3 and 4-1 to show: 


din =C, (T, —T,) 


Aout =C, (T,-T,) 3 
The cycle thermal efficiency is given by 
C (T, -T, z 2 
Na =1 out 4 me 4 ad p nh! 1) j 
din C, (T; -T,) T, (T, /T, -1) 


m , T |V 
Process 1-2 is isentropic; therefore, — =| — 
Tr, V 


T y k-1 3 
Process 3-4 is isentropic; therefore, 2 e) E pe 
4 V T 
Process 4-1 is constant pressure; therefore, 4 
2 
PV, _ PY, asl _Vı >y 
p 
i y 
k-1 1 
7, 60, 0 _ pa 1 = r r S 
T pII E Bg N P? 
2 7 ae) 


Since process 2-3 is constant volume and V3 = V», 
r Vv, Vi, Vs V, 
i V VY VY; 


rr 


Mn St ka 
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9-187 The four processes of an air-standard cycle are described. The back work ratio and its limit as r, goes to unity are to 
be determined, and the result is to be compared to the expression for the Otto cycle. 


Analysis The work of compression for process 1-2 is found by the first law: 
qi-2 — Wy» = Au, 
q = O(isentropic process) 
W- =—Au,_, =—C, (T, E T) 
w, -W =C, (T, -T,) 


comp,1-2 = 


The work of compression for process 4-1 is found by 


comp,4-1 A — 


w wW, =—| Pdv =-P (v, -v,)= R(T, -T,) 


The work of expansion for process 3-4 is found by the first law: 
qz-4 — W3_4 = AU; 4 
q3_4 = O(isentropic process) 
W3_4 = —Au3_, =—C, (T, E T,) 

—W_4=C, (T, =T) 


Wexp, 3-4 = 


The back work ratio is 


R 
Woon _R(T,-F)+C,(L-T)_& eta) 
Wexp C,(T;-T,) T, (1-1,/T,) 


Using data from the previous problem and C, = R/(k-1) 


Ws, E (k-1)(r, ~1)+(r**-1) 


Wexp T 
ieee 
sien Mame Fi Jy KDC —D4( 1), | (K-10) + (4-1) 
o! Wey Fy | te 1 T, TES 
ae =e a pa 
cer 


This result is the same expression for the back work ratio for the Otto cycle. 
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EES 
9-188 The effects of compression ratio on the net work output and the thermal efficiency of the Otto cycle for given 
operating conditions is to be investigated. 


Analysis Using EES, the problem is solved as follows: 


"Input Data" 
T[1]=300 [K] 
P[1]=100 [kPa] 
T[3] = 2000 [K] 
r_comp = 12 


"Process 1-2 is isentropic compression" 
s[1]=entropy(air, T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 
P[2]}*v[2]/T[2]=P[1]*v[1]/T[1] 

P[1}*v[1]J=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1]/ r_comp 

“Conservation of energy for process 1 to 2" 

q_12 - w_12 = DELTAu_12 

g_12 =0"isentropic process" 
DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1]) 
"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 

P[3}*v[3]=R*T [3] 

"Conservation of energy for process 2 to 3" 

q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2]) 
"Process 3-4 is isentropic expansion" 

s[4]=s[3] 

s[4]=entropy(air, T=T[4],P=P[4]) 

P[4}*v[4]=R*T[4] 

"Conservation of energy for process 3 to 4" 

q_34 -w_34 = DELTAu_34 

q_34 =0"isentropic process" 
DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3]) 
"Process 4-1 is constant volume heat rejection" 

V[4] = V[4] 

“Conservation of energy for process 4 to 1" 

q_41 - w_41 = DELTAu_41 

w_41 =0 "constant volume process" 
DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4]) 


qg_in_total=q_23 

q_out_total = -q_41 

w_net = w_12+w_23+w_34+w_41 
Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent" 
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Nth Fcomp Whet 

[%] [kJ/kg] 
45.83 6 567.4 ‘| 
48.67 7 589.3 | 
51.03 8 604.9 | 
53.02 9 616.2 | 
54.74 10 624.3 | 
56.24 11 630 | 
57.57 12 633.8 | 
58.75 13 636.3 | 
59.83 14 637.5 | 
60.8 15 637.9 č | 


Wnet [kJ/kg] 


r 
comp 


nth [%] 


r 
comp 
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EES 
9-189 The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle is to 
be investigated. The pressure ratios at which the net work output and the thermal efficiency are maximum are to be 
determined. 


Analysis Using EES, the problem is solved as follows: 


P_ratio = 8 

T[1] = 300 [K] 
P[1]= 100 [kPa] 
T[3] = 1800 [K] 
m_dot = 1 [kg/s] 
Eta_c = 100/100 
Eta_t = 100/100 


"Inlet conditions" 
h[1J=ENTHALPY (Air, T=T[1]) 
s[1J=ENTROPY (Air, T=T[1],P=P[1]) 


“Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY (Air, T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) “Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

h[3]=ENTHALPY (Air, T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 
"Turbine analysis" 

s[3]J=ENTROPY (Air, T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4J=>TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4J=ENTHALPY (Air, T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 
Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air, T=T[2],P=P[2]) 

s[4]=entropy(air, T=T[4],P=P[4]) 
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Bwr n Pratio We Wnet W: Qin 

mw | w | w | kw 
0.254 0.3383 5 175.8 516.3 692.1 1526 
0.2665 0.3689 6 201.2 553.7 754.9 1501 
0.2776 0.3938 7 223.7 582.2 805.9 1478 
0.2876 0.4146 8 244.1 604.5 848.5 1458 
0.2968 0.4324 9 262.6 622.4 885 1439 
0.3052 0.4478 10 279.7 637 916.7 1422 
0.313 0.4615 11 295.7 649 944.7 1406 
0.3203 0.4736 12 310.6 659.1 969.6 1392 
0.3272 0.4846 13 324.6 667.5 992.1 1378 
0.3337 0.4945 14 337.8 674.7 1013 1364 
0.3398 0.5036 15 350.4 680.8 1031 1352 
0.3457 0.512 16 362.4 685.9 1048 1340 
0.3513 0.5197 17 373.9 690.3 1064 1328 
0.3567 0.5269 18 384.8 694.1 1079 1317 
0.3618 0.5336 19 395.4 697.3 1093 1307 
0.3668 0.5399 20 405.5 700 1106 1297 
0.3716 0.5458 21 415.3 702.3 1118 1287 
0.3762 0.5513 22 424.7 704.3 1129 1277 
0.3806 0.5566 23 433.8 705.9 1140 1268 
0.385 0.5615 24 442.7 707.2 1150 1259 
0.3892 0.5663 25 451.2 708.3 1160 1251 
0.3932 0.5707 26 459.6 709.2 1169 1243 
0.3972 0.575 27 467.7 709.8 1177 1234 
0.401 0.5791 28 475.5 710.3 1186 1227 
0.4048 0.583 29 483.2 710.6 1194 1219 
0.4084 0.5867 30 490.7 710.7 1201 1211 
0.412 0.5903 31 498 710.8 1209 1204 
0.4155 0.5937 32 505.1 710.7 1216 1197 
0.4189 0.597 33 512.1 710.4 1223 1190 
0.4222 0.6002 34 518.9 710.1 1229 1183 


Wnet [KW] 
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EES 
9-190 The effects of pressure ratio on the net work output and the thermal efficiency of a simple Brayton cycle 
is to be investigated assuming adiabatic efficiencies of 85 percent for both the turbine and the compressor. The 
pressure ratios at which the net work output and the thermal efficiency are maximum are to be determined. 


Analysis Using EES, the problem is solved as follows: 


P_ratio = 8 

T[1] = 300 [K] 
P[1]= 100 [kPa] 
T[3] = 1800 [K] 
m_dot = 1 [kg/s] 
Eta_c = 80/100 
Eta_t = 80/100 


"Inlet conditions" 

h[1J=ENTHALPY (Air, T=T[1]) 

s[1J=ENTROPY (Air, T=T[1],P=P[1]) 

“Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2/=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY (Air, T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) “Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2]  "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

h[3]=ENTHALPY (Air, T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 
"Turbine analysis" 

s[3]J=ENTROPY (Air, T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4J=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4J=ENTHALPY (Air, T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 
Bwr=W_dot_c/W_dot_t "Back work ratio" 


"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(air,h=h[2]) 

T[4]=temperature(air,h=h[4]) 

s[2]=entropy(air, T=T[2],P=P[2]) 

s[4]=entropy(air, T=T[4],P=P[4]) 
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Bwr n Pratio We Wnet W: Qin 

kw | w | w |) w 

0.3515 0.2551 5 206.8 381.5 588.3 1495 

0.3689 0.2764 6 236.7 405 641.7 1465 

0.3843 0.2931 7 263.2 421.8 685 1439 

0.3981 0.3068 8 287.1 434.1 721.3 1415 

0.4107 0.3182 9 309 443.3 752.2 1393 

0.4224 0.3278 10 329.1 450.1 779.2 1373 

0.4332 0.3361 11 347.8 455.1 803 1354 

0.4433 0.3432 12 365.4 458.8 824.2 1337 

0.4528 0.3495 13 381.9 461.4 843.3 1320 

0.4618 0.355 14 397.5 463.2 860.6 1305 

0.4704 0.3599 15 412.3 464.2 876.5 1290 

0.4785 0.3643 16 426.4 464.7 891.1 1276 

0.4862 0.3682 17 439.8 464.7 904.6 1262 

0.4937 0.3717 18 452.7 464.4 917.1 1249 

0.5008 0.3748 19 465.1 463.6 928.8 1237 

0.5077 0.3777 20 477.1 462.6 939.7 1225 

0.5143 0.3802 21 488.6 461.4 950 1214 

0.5207 0.3825 22 499.7 460 959.6 1202 

0.5268 0.3846 23 510.4 458.4 968.8 1192 

0.5328 0.3865 24 520.8 456.6 977.4 1181 
= 
= 

z : 
c 
= = 
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EES 
9-191 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine inefficiencies on the 
net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is to be 
investigated. Constant specific heats at room temperature are to be used. 


Analysis Using EES, the problem is solved as follows: 


Procedure ConstPropResult(T[1],P[1],r_comp,T[3]:Eta_th_ConstProp,Eta_th_easy) 
"For Air:" 

C_V = 0.718 [kJ/kg-K] 

k=1.4 

T2 = T[1]*r_comp^(k-1) 

P2 = P[1]*r_comp^k 

q_in_23 = C_V*(T[3]-T2) 

T4 = T[3]*(1/r_comp)(k-1) 

q_out_41 = C_V*(T4-T[1]) 

Eta_th_ConstProp = (1-q_out_41/q_in_23)*Convert(, %) "[%]" 

"The Easy Way to calculate the constant property Otto cycle efficiency is:" 
Eta_th_easy = (1 - 1/r_comp’(k-1))*Convert(, %) "[%]" 

END 


"Input Data" 
T[1]=300 [K] 
P[1]=100 [kPa] 
{T[3] = 1000 [kK]} 
r_comp = 12 


"Process 1-2 is isentropic compression" 
s[1]=entropy(air, T=T[1],P=P[1]) 

s[2]=s[1] 

T[2]=temperature(air, s=s[2], P=P[2]) 
P[2]}*v[2]/T[2]=P[1]*v[1]/T[1] 

P[1]*v[1]J=R*T[1] 

R=0.287 [kJ/kg-K] 

V[2] = V[1]/ r_comp 

"Conservation of energy for process 1 to 2" 
q_12 - w_12 = DELTAu_12 

g_12 =O"isentropic process" 
DELTAu_12=intenergy(air, T=T[2])-intenergy(air, T=T[1]) 
"Process 2-3 is constant volume heat addition" 
v[3]=v[2] 

s[3]=entropy(air, T=T[3], P=P[3]) 
P[3]*v[3]=R*T[3] 

"Conservation of energy for process 2 to 3" 
q_23 - w_23 = DELTAu_23 

w_23 =0"constant volume process" 
DELTAu_23=intenergy(air, T=T[3])-intenergy(air, T=T[2]) 
"Process 3-4 is isentropic expansion" 

s[4]=s[3] 

s[4]=entropy(air, T=T[4],P=P[4]) 
P[4]*v[4J=R*T[4] 

"Conservation of energy for process 3 to 4" 
q_34 -w_34 = DELTAu_34 

q_34 =0"isentropic process" 
DELTAu_34=intenergy(air, T=T[4])-intenergy(air, T=T[3]) 
"Process 4-1 is constant volume heat rejection" 
V[4] = V[1] 

"Conservation of energy for process 4 to 1" 
q_41 - w_41 = DELTAu_41 
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w_41 =0 "constant volume process" 
DELTAu_41=intenergy(air, T=T[1])-intenergy(air, T=T[4]) 
q_in_total=q_23 
q_out_total = -q_41 
w_net = w_12+w_23+w_34+w_41 
Eta_th=w_net/q_in_total*Convert(, %) "Thermal efficiency, in percent" 
Call ConstPropResult(T[1],P[1],r_comp, T[3]:Eta_th_ConstProp,Eta_th_easy) 
PerCentError = ABS(Eta_th - Eta_th_ConstProp)/Eta_th*Convert(, %) "[%]" 


PerCentError Tcomp Nth Tth,ConstProp Mth,easy T3 

[%] [%] [%] [%] [k] 
3.604 12 60.8 62.99 62.99 1000 
6.681 12 59.04 62.99 62.99 1500 
9.421 12 57.57 62.99 62.99 2000 
11.64 12 56.42 62.99 62.99 2500 


Percent Error = jn 


th `" th,constProp | In th 


4.3 


PerCentError [%] 


15 


e 
N 
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EES 
9-192 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on 
the net work output per unit mass and the thermal efficiency of a simple Brayton cycle with air as the working fluid is 
to be investigated. Variable specific heats are to be used. 


Analysis Using EES, the problem is solved as follows: 


"Input data - from diagram window" 
{P_ratio = 8} 

{T[1] = 300 [K] 

P[1]= 100 [kPa] 

T[3] = 800 [K] 

m_dot = 1 [kg/s] 

Eta_c = 75/100 

Eta_t = 82/100} 


"Inlet conditions" 
h[1]FENTHALPY(Air,T=T[1]) 
s[1J=ENTROPY (Air, T=T[1],P=P[1]) 


“Compressor anaysis" 

s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 

P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 

T_s[2]=TEMPERATURE(Air,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=ENTHALPY (Air, T=T_s[2]) 

Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) “Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 

P[3]=P[2]"process 2-3 is SSSF constant pressure" 

h[3]=ENTHALPY (Air, T=T[3]) 

m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 
"Turbine analysis" 

s[3J=ENTROPY (Air, T=T[3],P=P[3]) 

s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 

P_ratio= P[3] /P[4] 

T_s[4J=TEMPERATURE(Air,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4J=ENTHALPY (Air, T=T_s[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 

m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 


"Cycle analysis" 

W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 
Eta=W_dot_net/Q_dot_in"Cycle thermal efficiency" 
Bwr=W_dot_c/W_dot_t "Back work ratio" 

"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(‘air' ,h=h[2]) 

T[4]=temperature(‘air’ ,h=h[4]) 

s[2]=entropy(air, T=T[2],P=P[2]) 

s[4]=entropy(air, T=T[4],P=P[4]) 
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Bwr n Pratio We Wnet W: Qin 
[kW] [kw] [kw] [kw] 
0.5229 0.1 2 1818 1659 3477 16587 
0.6305 0.1644 4 4033 2364 6396 14373 
0.7038 0.1814 6 5543 2333 7876 12862 
0.7611 0.1806 8 6723 2110 8833 11682 
0.8088 0.1702 10 7705 1822 9527 10700 
0.85 0.1533 12 8553 1510 10063 9852 
0.8864 0.131 14 9304 1192 10496 9102 
0.9192 0.1041 16 9980 877.2 10857 8426 
0.9491 0.07272 18 10596 567.9 11164 7809 
0.9767 0.03675 20 11165 266.1 11431 7241 
1500 T T T T T 
Air Standard Brayton Cycle 
L Pressure ratio = 8 and Tax = 1160K 
1000} 4 
x | 
e 
500} A 
800 kPa 
100kPa 1 J 
0 1 fi L 1 L 1 L f 
5.0 5.5 6.0 6.5 7.0 7.5 
s [kJ/kg-K] 
: 
F n T 0.82 = 
= n =0.75 F 
3 : 
T =1160 K . 
3 max z 
> 
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EES 
9-193 The effects of pressure ratio, maximum cycle temperature, and compressor and turbine efficiencies on 
the net work output per unit mass and the thermal efficiency of a simple Brayton cycle with helium as the working 
fluid is to be investigated. 


Analysis Using EES, the problem is solved as follows: 


Function hFunc(WorkFluid$,T,P) 
"The EES functions teat helium as a real gas; thus, T and P are needed for helium's enthalpy." 
IF WorkFluid$ = 'Air' then hFunc:=enthalpy(Air, T=T) ELSE 
hFunc: = enthalpy(Helium,T=T,P=P) 
endif 
END 
Procedure EtaCheck(Eta_th:EtaError$) 
If Eta_th < 0 then EtaError$ = 'Why are the net work done and efficiency < 0?' Else EtaError$ = " 
END 
"Input data - from diagram window" 
{P_ratio = 8} 
{T[1] = 300 [K] 
P[1]= 100 [kPa] 
T[3] = 800 [K] 
m_dot = 1 [kg/s] 
Eta_c = 0.8 
Eta_t = 0.8 
WorkFluid$ = 'Helium'} 
"Inlet conditions" 
h[1]=hFunc(WorkFluid$,T[1],P[1]) 
s[1J=ENTROPY (WorkFluid$,T=T[1],P=P[1]) 
“Compressor anaysis" 
s_s[2]=s[1] "For the ideal case the entropies are constant across the compressor" 
P_ratio=P[2]/P[1]"Definition of pressure ratio - to find P[2]" 
T_s[2J]ETEMPERATURE(WorkFluid$,s=s_s[2],P=P[2]) "T_s[2] is the isentropic value of T[2] at compressor exit" 
h_s[2]=hFunc(WorkFluid$,T_s[2],P[2]) 
Eta_c =(h_s[2]-h[1])/(h[2]-h[1]) “Compressor adiabatic efficiency; Eta_c = W_dot_c_ideal/W_dot_c_actual. " 
m_dot*h[1] +W_dot_c=m_dot*h[2] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"External heat exchanger analysis" 
P[3]=P[2]"process 2-3 is SSSF constant pressure" 
h[3]=hFunc(WorkFluid$, T[3],P[3]) 
m_dot*h[2] + Q_dot_in= m_dot*h[3]"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0" 
"Turbine analysis" 
s[3]EENTROPY(WorkFluid$,T=T[3],P=P[3]) 
s_s[4]=s[3] "For the ideal case the entropies are constant across the turbine" 
P_ratio= P[3] /P[4] 
T_s[4J—-TEMPERATURE(WorkFluid$,s=s_s[4],P=P[4]) "Ts[4] is the isentropic value of T[4] at turbine exit" 
h_s[4]=hFunc(WorkFluid$,T_s[4],P[4]) "Eta_t = W_dot_t /Wts_dot turbine adiabatic efficiency, Wts_dot > 
W_dot_t" 
Eta_t=(h[3]-h[4])/(h[3]-h_s[4]) 
m_dot*h[3] = W_dot_t + m_dot*h[4] "SSSF First Law for the actual compressor, assuming: adiabatic, ke=pe=0" 
"Cycle analysis" 
W_dot_net=W_dot_t-W_dot_c"Definition of the net cycle work, kW" 
Eta_th=W_dot_net/Q_dot_in"Cycle thermal efficiency” 
Call EtaCheck(Eta_th:EtaError$) 
Bwr=W_dot_c/W_dot_t "Back work ratio" 
"The following state points are determined only to produce a T-s plot" 
T[2]=temperature(air,h=h[2]) 
T[4]=temperature(air,h=h[4]) 
s[2]=entropy(air, T=T[2],P=P[2]) 
s[4]=entropy(air, T=T[4],P=P[4]) 
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Bwr n Pratio W. Whet W: Qin 
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0.5229 0.1 2 1818 1659 3477 16587 
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0.7611 0.1806 8 6723 2110 8833 11682 
0.8088 0.1702 10 7705 1822 9527 10700 
0.85 0.1533 12 8553 1510 10063 9852 
0.8864 0.131 14 9304 1192 10496 9102 
0.9192 0.1041 16 9980 877.2 10857 8426 
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EES 
9-194 The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 
regenerative Brayton cycle with multistage compression and expansion and air as the working fluid is to be 
investigated. 


Analysis Using EES, the problem is solved as follows: 


"Input data for air" 

C_P = 1.005 [kJ/kg-K] 

k=1.4 

"Nstages is the number of compression and expansion stages" 
Nstages = 1 

T_6 = 1200 [K] 

Pratio = 12 

T_1 = 300 [K] 

P_1= 100 [kPa] 

Eta_reg = 1.0 "regenerator effectiveness" 

Eta_c =1.0 "Compressor isentorpic efficiency” 

Eta_t =1.0 "Turbine isentropic efficiency” 

R_p = Pratio*(1/Nstages) 

"Isentropic Compressor anaysis" 

T_2s = T_1*R_p’((k-1)/k) 

P_2=R_p*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 
Eta_c = w_compisen/w_comp 

“compressor adiabatic efficiency, W_comp > W_compisen" 


"Conservation of energy for the compressor for the isentropic case: 
e_in-e out = DELTAe=0 for steady-flow" 

w_compisen = C_P*(T_2s-T_1) 

“Actual compressor analysis:" 

w_comp = C_P*(T_2-T_1) 


"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure 
ratio, the work input to each compressor is the same. The total compressor work is:" 

w_comp_total = Nstages*w_comp 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 

e_in-e out =DELTAe cv =0 for steady flow" 

"The heat added in the external heat exchanger + the reheat between turbines is" 

q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 

"Reheat is assumed to occur until:" 


T8=T 6 
"Turbine analysis" 
P_7=P_6/R_p 


"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p)*((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
e_in-e_out = DELTAe_ cv = 0 for steady-flow" 

w_turbisen = C_P*(T_6- T_7s) 

"Actual Turbine analysis:" 

w_turb = C_P*(T_6- T_7) 

w_turb_total = Nstages*w_turb 


"Cycle analysis" 
w_net=w_turb_total-w_comp_total "[kJ/kg]" 
Bwr=w_comp/w_turb "Back work ratio" 
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TA=T 2 

"The regenerator effectiveness gives T_5 as:" 

Eta_reg = (T_5-T_4)(T_9-T_4) 

T9=T_7 

"Energy balance on regenerator gives T_10 as:" 
T4+T_9=T_5 +T_10 

"Cycle thermal efficiency with regenerator" 
Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 


"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 
Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]" 


Nth, Ericksson Nth,Regenerative Nstages 

% % 

75 49.15 1 
75 64.35 2 
75 68.32 3 
75 70.14 4 
75 72.33 7 
75 73.79 15 
75 74.05 19 
75 74.18 22 


Ericsson 


Ideal Regenerative Brayton —o— 


Nth [%] 


0 2 4 6 8 10 12 14 16 18 20 22 24 
Nstages 
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EES 
9-195 The effect of the number of compression and expansion stages on the thermal efficiency of an ideal 
regenerative Brayton cycle with multistage compression and expansion and helium as the working fluid is to be 
investigated. 


Analysis Using EES, the problem is solved as follows: 


"Input data for Helium" 

C_P = 5.1926 [kJ/kg-K] 

k = 1.667 

"Nstages is the number of compression and expansion stages" 
{Nstages = 1} 


T_6 = 1200 [k] 
Pratio = 12 
T_1= 300 [k] 


P_1= 100 [kPa] 

Eta_reg = 1.0 "regenerator effectiveness" 
Eta_c =1.0 "Compressor isentorpic efficiency" 
Eta_t =1.0 "Turbine isentropic efficiency" 

R_p = Pratio*(1/Nstages) 

"Isentropic Compressor anaysis" 


T_2s = T_1*R_p’((k-1)/k) 

P_2=R_p*P_1 

"T_2s is the isentropic value of T_2 at compressor exit" 

Eta_c = w_compisen/w_comp 

“compressor adiabatic efficiency, W_comp > W_compisen" 

“Conservation of energy for the compressor for the isentropic case: 

e_in-e out = DELTAe=0 for steady-flow" 

w_compisen = C_P*(T_2s-T_1) 

“Actual compressor analysis:" 

w_comp = C_P*(T_2-T_1) 

"Since intercooling is assumed to occur such that T_3 = T_1 and the compressors have the same pressure 
ratio, the work input to each compressor is the same. The total compressor work is:" 
w_comp_total = Nstages*w_comp 

"External heat exchanger analysis" 

"SSSF First Law for the heat exchanger, assuming W=0, ke=pe=0 

e_in-e out =DELTAe cv =0 for steady flow" 


"The heat added in the external heat exchanger + the reheat between turbines is" 
q_in_total = C_P*(T_6 - T_5) +(Nstages - 1)*C_P*(T_8 - T_7) 
"Reheat is assumed to occur until: 


T8=T 6 
"Turbine analysis" 
P_7=P_6/R_p 


"T_7s is the isentropic value of T_7 at turbine exit" 

T_7s = T_6*(1/R_p)((k-1)/k) 

"Turbine adiabatic efficiency, w_turbisen > w_turb" 

Eta_t = w_turb /w_turbisen 

"SSSF First Law for the isentropic turbine, assuming: adiabatic, ke=pe=0 
e_in-e_out = DELTAe cv = 0 for steady-flow" 

w_turbisen = C_P*(T_6- T_7s) 


“Actual Turbine analysis:" 
w_turb = C_P*(T_6- T_7) 
w_turb_total = Nstages*w_turb 


"Cycle analysis" 
w_net=w_turb_total-w_comp_total 
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Bwr=w_comp/w_turb "Back work ratio" 


P_4=P 2 
P_5=P 4 
P_6=P_5 
T4=T2 


‘The regenerator effectiveness gives T_5 as:" 
Eta_reg = (T_5-T_4)(T_9-T_4) 

T9=T_7 

"Energy balance on regenerator gives T_10 as:" 
T_4+T_9=T_5 +T_10 


"Cycle thermal efficiency with regenerator" 
Eta_th_regenerative=w_net/q_in_total*Convert(, %) "[%]" 


"The efficiency of the Ericsson cycle is the same as the Carnot cycle operating between the same max and min 
temperatures, T_6 and T_1 for this problem." 
Eta_th_Ericsson = (1 - T_1/T_6)*Convert(, %) "[%]" 


Nth, Ericksson Nth,Regenerative Nstages 

[%] [%] 

75 32.43 1 
75 58.9 2 
75 65.18 3 
75 67.95 4 
75 71.18 7 
75 73.29 15 
75 73.66 19 
75 73.84 22 


Ericsson 


Ideal Regenerative Brayton —o— 


Nth [%] 


0 2 4 6 8 10 12 14 16 18 20 22 24 
Nstages 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


9-181 


Fundamentals of Engineering (FE) Exam Problems 


9-196 An Otto cycle with air as the working fluid has a compression ratio of 10.4. Under cold air standard conditions, the 
thermal efficiency of this cycle is 


(a) 10% (b) 39% (c) 61% (d) 79% (e) 82% 
Answer (c) 61% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


r=10.4 
k=1.4 
Eta_Otto=1-1/r*(k-1) 


"Some Wrong Solutions with Common Mistakes:" 
W1_Eta = 1/r "Taking efficiency to be 1/r" 

W2_Eta = 1/r‘(k-1) "Using incorrect relation" 

W3_Eta = 1-1/r(k1-1); k1=1.667 "Using wrong k value" 


9-197 For specified limits for the maximum and minimum temperatures, the ideal cycle with the lowest thermal efficiency 
is 

(a) Carnot (b) Stirling (c) Ericsson (d) Otto (e) All are the same 

Answer (d) Otto 


9-198 A Carnot cycle operates between the temperatures limits of 300 K and 2000 K, and produces 600 kW of net power. 
The rate of entropy change of the working fluid during the heat addition process is 


(a) 0 (b) 0.300 kW/K (c) 0.353 kW/K (d) 0.261 kW/K (e) 2.0 kW/K 
Answer (c) 0.353 kW/K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=300 "K" 
TH=2000 "K" 
Wnet=600 "kJ/s" 
Wnet= (TH-TL)*DS 


"Some Wrong Solutions with Common Mistakes:" 

W1_DS = Wnet/TH "Using TH instead of TH-TL" 

W2_DS = Wnet/TL "Using TL instead of TH-TL" 

W3_DS = Whet/(TH+TL) "Using TH+TL instead of TH-TL" 
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9-199 Air in an ideal Diesel cycle is compressed from 2 L to 0.13 L, and then it expands during the constant pressure heat 
addition process to 0.30 L. Under cold air standard conditions, the thermal efficiency of this cycle is 


(a) 41% (b) 59% (c) 66% (d) 70% (e) 78% 
Answer (b) 59% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V1=2 "L" 

V2= 0.13 "L" 

V3= 0.30 "L" 

r=V1/V2 

rc=V3/V2 

k=1.4 
Eta_Diesel=1-(1/r(k-1))*(re*k-1)/k/(re-1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1-(1/r14(k-1))*(re*k-1)/k/(re-1); r1=V1/V3 "Wrong r value" 

W2_Eta = 1-Eta_Diesel "Using incorrect relation" 

W3_Eta = 1-(1/r4(k1-1))*(re*k1-1)/k1/(rc-1); k1=1.667 "Using wrong k value" 
W4_Eta = 1-1/r*(k-1) "Using Otto cycle efficiency" 


9-200 Helium gas in an ideal Otto cycle is compressed from 20°C and 2.5 L to 0.25 L, and its temperature increases by an 
additional 700°C during the heat addition process. The temperature of helium before the expansion process is 


(a) 1790°C (b) 2060°C (c) 1240°C (d) 620°C (e) 820°C 
Answer (a) 1790°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=20+273 "K" 
T2=T1*r^(k-1) 
T3=T2+700-273 "C" 


"Some Wrong Solutions with Common Mistakes:" 

W1_T3 =T22+700-273; T22=T1*r^(k1-1); k1=1.4 "Using wrong k value" 
W2_T3 = T3+273 "Using K instead of C" 

W3_T3 = T1+700-273 "Disregarding temp rise during compression" 

W4_T3 = T222+700-273; T222=(T1-273)*r(k-1) "Using C for T1 instead of K" 
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9-201 In an ideal Otto cycle, air is compressed from 1.20 kg/m? and 2.2 L to 0.26 L, and the net work output of the cycle is 
440 kJ/kg. The mean effective pressure (MEP) for this cycle is 


(a) 612 kPa (b) 599 kPa (c) 528 kPa (d) 416 kPa (e) 367 kPa 
Answer (b) 599 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


rho1=1.20 "kg/m^3" 

k=1.4 

V1=2.2 

V2=0.26 

m=rho1*V1/1000 "kg" 
w_net=440 "kJ/kg" 
Wtotal=m*w_net 
MEP=Wotal/((V1-V2)/1000) 


"Some Wrong Solutions with Common Mistakes:" 

W1_MEP = w_net/((V1-V2)/1000) "Disregarding mass" 

W2_MEP = Wiotal/(V1/1000) "Using V1 instead of V1-V2" 

W3_MEP = (rho1*V2/1000)*w_net/((V1-V2)/1000); "Finding mass using V2 instead of V1" 
W4_MEP = Wiotal/((V1+V2)/1000) "Adding V1 and V2 instead of subtracting" 


9-202 In an ideal Brayton cycle, air is compressed from 95 kPa and 25°C to 1100 kPa. Under cold air standard conditions, 
the thermal efficiency of this cycle is 


(a) 45% (b) 50% (c) 62% (d) 73% (e) 86% 
Answer (b) 50% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=95 "kPa" 

P2=1100 "kPa" 

T1=25+273 "K" 

rp=P2/P1 

k=1.4 
Eta_Brayton=1-1/rp%((k-1)/k) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1/rp "Taking efficiency to be 1/rp" 

W2_Eta = 1/rp*((k-1)/k) “Using incorrect relation" 

W3_Eta = 1-1/rp*((k1-1)/k1); k1=1.667 "Using wrong k value" 
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9-203 Consider an ideal Brayton cycle executed between the pressure limits of 1200 kPa and 100 kPa and temperature 
limits of 20°C and 1000°C with argon as the working fluid. The net work output of the cycle is 


(a) 68 kJ/kg (b) 93 kJ/kg (c) 158 kJ/kg (d) 186 kJ/kg (e) 310 kJ/kg 
Answer (c) 158 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=100 "kPa" 

P2=1200 "kPa" 
T1=20+273 "K" 
T3=1000+273 "K" 
rp=P2/P1 

k=1.667 

Cp=0.5203 "kJ/kg.K" 
Cv=0.3122 "kJ/kg.K" 
T2=T1*rp“((k-1)/k) 
g_in=Cp*(T3-T2) 
Eta_Brayton=1-1/rp%((k-1)/k) 
w_net=Eta_Brayton*q_in 


"Some Wrong Solutions with Common Mistakes:" 

W1_whnet = (1-1/rp*((k-1)/k))*qin1; gin1=Cv*(T3-T2) "Using Cv instead of Cp" 

W2_wnet = (1-1/rp*((k-1)/k))*qin2; gin2=1.005*(T3-T2) “Using Cp of air instead of argon" 

W3_wnet = (1-1/rp*((k1-1)/k1))*Cp*(T3-T22); T22=T1*rp*((k1-1)/k1); k1=1.4 "Using k of air instead of argon" 
W4_wnet = (1-1/rp*((k-1)/k))*Cp*(T3-T222); T222=(T1-273)*rp*((k-1)/k) "Using C for T1 instead of K" 


9-204 An ideal Brayton cycle has a net work output of 150 kJ/kg and a backwork ratio of 0.4. If both the turbine and the 
compressor had an isentropic efficiency of 85%, the net work output of the cycle would be 


(a) 74 kJ/kg (b) 95 kJ/kg (c) 109 kJ/kg (d) 128 kJ/kg (e) 177 kJ/kg 
Answer (b) 95 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


wcomp/wturb=0.4 
wturb-wcomp=150 "kJ/kg" 
Eff=0.85 
w_net=Effwturb-wcomp/Eff 


"Some Wrong Solutions with Common Mistakes:" 

W1_wnet = Eff*wturb-wcomp*Eff "Making a mistake in Wnet relation" 
W2_wnet = (wturb-wcomp)/Eff "Using a wrong relation" 

W3_whnet = wturb/eff-wcomp*Eff "Using a wrong relation" 
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9-205 In an ideal Brayton cycle, air is compressed from 100 kPa and 25°C to 1 MPa, and then heated to 927°C before 
entering the turbine. Under cold air standard conditions, the air temperature at the turbine exit is 


(a) 349°C (b) 426°C (c) 622°C (d) 733°C (e) 825°C 
Answer (a) 349°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=100 "kPa" 
P2=1000 "kPa" 
T1=25+273 "K" 
T3=900+273 "K" 
rp=P2/P1 

k=1.4 
T4=T3*(L/rp)*((k-1)/k)-273 


"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp "Using wrong relation" 

W3_T4 = T4+273 "Using K instead of C" 

W4_T4 = T1+800-273 "Disregarding temp rise during compression" 


9-206 In an ideal Brayton cycle with regeneration, argon gas is compressed from 100 kPa and 25°C to 400 kPa, and then 
heated to 1200°C before entering the turbine. The highest temperature that argon can be heated in the regenerator is 


(a) 246°C (b) 846°C (c) 689°C (d) 368°C (e) 573°C 
Answer (e) 573°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

Cp=0.5203 "kJ/kg.K" 

P1=100 "kPa" 

P2=400 "kPa" 

T1=25+273 "K" 

T3=1200+273 "K" 

"The highest temperature that argon can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2=T1*rp^((k-1)/k) 

T4=T3/rp^((k-1)/k)-273 


"Some Wrong Solutions with Common Mistakes:" 

W1_T4 = T3/rp "Using wrong relation" 

W2_T4 = (T3-273)/rp^((k-1)/k) "Using C instead of K for T3" 
W3_T4 = T4+273 "Using K instead of C" 

W4_T4 = T2-273 "Taking compressor exit temp as the answer" 
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9-207 In an ideal Brayton cycle with regeneration, air is compressed from 80 kPa and 10°C to 400 kPa and 175°C, is heated 
to 450°C in the regenerator, and then further heated to 1000°C before entering the turbine. Under cold air standard 
conditions, the effectiveness of the regenerator is 


(a) 33% (b) 44% (c) 62% (d) 77% (e) 89% 
Answer (d) 77% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

P1=80 "kPa" 

P2=400 "kPa" 

T1=10+273 "K" 

T2=175+273 "K" 

T3=1000+273 "K" 

T5=450+273 "K" 

"The highest temperature that the gas can be heated in the regenerator is the turbine exit temperature," 
rp=P2/P1 

T2check=T1*rp((k-1)/k) "Checking the given value of T2. It checks." 
T4=T3/rp*((k-1)/k) 

Effective=(T5-T2)/(T4-T2) 


"Some Wrong Solutions with Common Mistakes:" 

W1_eff = (T5-T2)/(T3-T2) "Using wrong relation" 

W2_eff = (T5-T2)/(T44-T2); T44=(T3-273)/rp*((k-1)/k) "Using C instead of K for T3" 
W3_eff = (T5-T2)/(T444-T2); T444=T3/rp “Using wrong relation for T4" 


9-208 Consider a gas turbine that has a pressure ratio of 6 and operates on the Brayton cycle with regeneration between the 
temperature limits of 20°C and 900°C. If the specific heat ratio of the working fluid is 1.3, the highest thermal efficiency 
this gas turbine can have is 


(a) 38% (b) 46% (c) 62% (d) 58% (e) 97% 
Answer (c) 62% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.3 

rp=6 

T1=20+273 "K" 

T3=900+273 "K" 
Eta_regen=1-(T1/T3)*rp*((k-1)/k) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eta = 1-((T1-273)/(T3-273))*rp*((k-1)/k) "Using C for temperatures instead of K" 
W2_Eta = (T1/T3)*rp*((k-1)/k) "Using incorrect relation" 

W3_Eta = 1-(T1/T3)*rp*((k1-1)/k1); kL=1.4 "Using wrong k value (the one for air)" 
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9-187 


9-209 An ideal gas turbine cycle with many stages of compression and expansion and a regenerator of 100 percent 
effectiveness has an overall pressure ratio of 10. Air enters every stage of compressor at 290 K, and every stage of turbine 
at 1200 K. The thermal efficiency of this gas-turbine cycle is 


(a) 36% (b) 40% (c) 52% (d) 64% (e) 76% 
Answer (e) 76% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

rp=10 
T1=290 "K" 
T3=1200 "K" 
Eff=1-T1/T3 


"Some Wrong Solutions with Common Mistakes:" 
W1_Eta = 100 

W2_Eta = 1-1/rp*((k-1)/k) "Using incorrect relation" 
W3_Eta = 1-(T1/T3)*rp*((k-1)/k) "Using wrong relation" 
W4_Eta = T1/T3 "Using wrong relation" 


9-210 Air enters a turbojet engine at 320 m/s at a rate of 30 kg/s, and exits at 650 m/s relative to the aircraft. The thrust 
developed by the engine is 


(a) 5kN (b) 10 kN (c) 15 kN (d) 20 kN (e) 26 kN 
Answer (b) 10 kN 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Vel1=320 "m/s" 
Vel2=650 "m/s" 
Thrust=m*(Vel2-Vel1)/1000 "kN" 
m= 30 "kg/s" 


"Some Wrong Solutions with Common Mistakes:" 


W41_thrust = (Vel2-Vel1)/1000 "Disregarding mass flow rate" 
W2_thrust = m*Vel2/1000 "Using incorrect relation" 


9-211 --- 9-219 Design and Essay Problems. 
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10-2 


Carnot Vapor Cycle 


10-1C The Carnot cycle is not a realistic model for steam power plants because (1) limiting the heat transfer processes to 
two-phase systems to maintain isothermal conditions severely limits the maximum temperature that can be used in the 
cycle, (2) the turbine will have to handle steam with a high moisture content which causes erosion, and (3) it is not practical 
to design a compressor that will handle two phases. 


10-2E A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the quality at the end of the heat rejection process, and the net work output are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) We note that 
Tr =T at@250 psia = 401°F = 861 R 
Ty, =Tya@aopsia = 267.2°F = 727.2 R 
and 


Ty, 7272R 
Ta 861R 


=0.1553 = 15.5% 


1th,C =] 


(b) Noting that s4 = s1 = Sf@ 250 psia = 9.56784 Btu/lbm-R, 


S4 Sf _ 0.56784 — 0.3921 
1.2845 


= 0.137 


X4 = 


Sf 
(c) The enthalpies before and after the heat addition process are 
hı =h f@250 psia = 376.09 Btu/Ibm 
hy =hy + Xyh p =376.09 + (0.95X825.47)=1160.3 Btu/lbm 
Thus, 
din = hy —h, =1160.3 — 376.09 = 784.2 Btu/lbm 


and 
Wnet = thin = (0.1553X784.2 Btu/Ibm) = 122 Btullbm 
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10-3 


10-3 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) Noting that Ty = 250°C = 523 K and T; = Tat @ 20 kra = 60.06°C = 333.1 K, the thermal efficiency becomes 


Tgk 
Ty 523 K 


= 0.3632 = 36.3% 


1 th,c 1 


(b) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


din =h pa asoc = 1715.3 kJ/kg 


Thus, 


T, es K 


lout = FIL = Jin = 523K 


Jenss kJ/kg) = 1092.3 kJ/kg 
Ty 


(c) The net work output of this cycle is 
Wnet = ndin = (0.3632)(1715.3 kJ/kg )= 623.0 kJ/kg 


10-4 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the amount of heat rejected, and the net work output are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) Noting that Ty = 250°C = 523 K and T; = Tat @ 10 kPa = 45.81°C = 318.8 K, the thermal efficiency becomes 


T, _,_ 3188K 
Ts 523K 


nc =1 = 39.04% 


(b) The heat supplied during this cycle is simply the enthalpy of 
vaporization, 


din =h je@ 250°c = 1715.3 kJ/kg 


Thus, 


T, 318.8 K 
lot = IL = in 7 


1715.3 kJ/kg )= 1045.6 kJ/k 
Tig, =( 88 I 2) , 


(c) The net work output of this cycle is 
Wnet = thin = (0.3904)(1715.3 kJ/kg) = 669.7 kJ/kg 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-4 


10-5 A steady-flow Carnot engine with water as the working fluid operates at specified conditions. The thermal efficiency, 
the pressure at the turbine inlet, and the net work output are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The thermal efficiency is determined from 


T, _,_ 60+273K 


=1-——— 2 = 46.5% 
Te 350+273K 


7th,c =1- 


(b) Note that 
S2 = 83 = Spt X35 fg 
= 0.8313 + 0.891 x 7.0769 = 7.1368 kJ/kg-K 
Thus, 
T, =350°C 


P, =1.40 MPa (Table A-6) 
Sy = 7.1368 kJ/kg -K 


350°C 


60°C 


(c) The net work can be determined by calculating the enclosed area on the 7-s diagram, 


S4 =S p +X4S p = 0.8313 + (0.1X7.0769) =1.5390 kJ/kg: K 
ae 4° fg 


Thus, 


We = Area = (Ty — T; {s3 — 84) = (350 — 60X7.1368 — 1.5390) = 1623 kJ/kg 
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10-5 


The Simple Rankine Cycle 


10-6C The four processes that make up the simple ideal cycle are (1) Isentropic compression in a pump, (2) P = constant 
heat addition in a boiler, (3) Isentropic expansion in a turbine, and (4) P = constant heat rejection in a condenser. 


10-7C Heat rejected decreases; everything else increases. 


10-8C Heat rejected decreases; everything else increases. 


10-9C The pump work remains the same, the moisture content decreases, everything else increases. 


10-10C The actual vapor power cycles differ from the idealized ones in that the actual cycles involve friction and pressure 
drops in various components and the piping, and heat loss to the surrounding medium from these components and piping. 


10-11C The boiler exit pressure will be (a) lower than the boiler inlet pressure in actual cycles, and (b) the same as the 
boiler inlet pressure in ideal cycles. 


10-12C We would reject this proposal because Wy = A1 - M - dow, and any heat loss from the steam will adversely affect 
the turbine work output. 


10-13C Yes, because the saturation temperature of steam at 10 kPa is 45.81°C, which is much higher than the temperature 
of the cooling water. 
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10-6 
10-14 A simple ideal Rankine cycle with R-134a as the working fluid operates between the specified pressure limits. The 
mass flow rate of R-134a for a given power production and the thermal efficiency of the cycle are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 


Vi =Y¢@04mPa = 0.0007907 m*/kg 


Wp,in = 4 (P> ea) ld 
= (0.0007907 m?/kg)(1600 — 400)kPa =) 
= 0.95 kJ/kg lkRae mi 


hy = h +W, in = 63.944 0.95 = 64.89 kJ/kg 


P, =1.6MPa } h, =305.07 kJ/kg 
T, =80°C s3 = 0.9875 kJ/kg -K 
P, = 0.4 MPa 


| hy = 273.21 kJ/kg 
S4 = 53 


Thus, 
din = h3 — h, = 305.07 — 64.89 = 240.18 kJ/kg 
out = h4 — h = 273.21- 63.94 = 209.27 kJ/kg 
Wnet = lin — Vout = 240.18 — 209.27 = 30.91 kJ/kg 


The mass flow rate of the refrigerant and the thermal efficiency of the cycle are then 


Were 750kI/s 


= 24.26 kg/s 
Whe 30.91 kJ/kg 
jpa fot =1- 2097 _ 9.199 
din 240.18 
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10-7 


10-15 A simple ideal Rankine cycle with R-134a as the working fluid is considered. The turbine inlet temperature, the cycle 
thermal efficiency, and the back-work ratio of the cycle are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 
P, = Pet @10°c = 414.89 kPa 
hy =hy@ ioc = 65.43 kJ/kg 
Vi =V @ 10°C = 0.0007930 m°/kg 


Wp in = 4 (P, =P) ii 
= (0.0007930 m3/kg)(1400 — 414.89)kPa =) 
= 0.78 kJ/kg LEPAT 


h, = hi +W in = 65.43 +0.78 = 66.21 kJ/kg 
2 1 p,in 


T, =10°C | hy =h; +x4h p = 65.43 + (0.98)(190.73) = 252.35 KJ/kg 


x4 =0.98 Í s4 =S; +x45 p = 0.25286 + (0.98)(0.67356) = 0.91295 kI/kg-K 
P, = 1400 kPa hy = 276.91 kJ/kg 
s3 =s4 =0.91295 k/kg-K | T, =53.0°C 


Thus, 
din = h3 — h, = 276.91- 66.21 = 210.70 kJ/kg 
dout = h4 — h = 252.35 — 65.43 = 186.92 kJ/kg 


The thermal efficiency of the cycle is 


Jou _,_ 186.92 
din 210.70 


= 0.113 


My =1 


The back-work ratio is determined from 


se WPin _ Wein _ 0.78 kJ/kg 0.0218 
Wrour h3>h4  (276.91— 252.35) kJ/kg 


r, 
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10-8 

10-16 A simple ideal Rankine cycle with water as the working fluid is considered. The work output from the turbine, the 
heat addition in the boiler, and the thermal efficiency of the cycle are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 

P, = Pot @ 40°C = 7-385 kPa 
P, = Prat @300°c = 8588 kPa 
hy = hy@ 4c = 167.53 kJ/kg 
Vi =V p@ sc = 0.001008 m*/kg 


Woin = “1 (Pa =F) i 
= (0.001008 m?/kg)(8588 —7.385)kPa ==) 


= 8.65 kJ/kg ar 
hy = hy + Wyn = 167.53 +8.65 = 176.18 kJ/kg 


i= w h, = 2749.6 kJ/kg 


x =l 53 = 5.7059 kJ/kg -K 
S4—S = 
T, =40°C | x, =e = 0.6681 
Sg=s 5e : 
ae hy =h; +xqh pg = 167.53 + (0.6681)(2406.0) = 1775.1 kJ/kg 


Thus, 


Wrout = 23 — h4 = 2749.6-1775.1 = 974.5 kJ/kg 
din = hy —h, =2749.6-176.18 = 2573.4 kJIkg 
out = hg — hy =1775.1-167.53 = 1607.6 kJ/kg 


The thermal efficiency of the cycle is 


_ 1607.6 _ 
2573.4 


ny =1-f% a4 0.375 


qin 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-9 


10-17E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
rates of heat addition and rejection, and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 
hy =h f@3psia = 109.40 Btu/Ibm 
Vi =V p@3psia = 0.01630 ft? /Ibm 


Wp,in = 4 (P2 -A ) 
= (0.01630 ft3/Ibm)(800 — 3)psia oes 


5.404 psia - ft? 
= 2.40 Btu/Ibm ae 
hy = hy + Wy in =109.40 + 2.40 =111.81 Btu/Ibm 


P, =800psia } h, =1456.0 Btu/Ibm 
T; =900°F s3 =1.6413 Btu/lbm -R 
S4—Sy _ 1.6413 — 0.2009 


hy =hy + x4ħ g =109.40 + (0.8549)(1012.8) = 975.24 Btu/lbm 


= 0.8549 


P,=3psia | x,= 
S54 = S3 


Knowing the power output from the turbine the mass flow rate of steam in the cycle is determined from 


! ; > Wia 1750k OR 
Wr out = (h — hy) i Dot 8 750 kJ/s (2 782 Btu 


) = 3.450 lbm/s 
h,-h, (1456.0 —975.24)Btu/Ibm 1kJ 


The rates of heat addition and rejection are 


Q,, = (h; — hy) = (3.450 Ibm/s)(1456.0 — 111.81)Btu/Ibm = 4637 Btuls 
Òu = (h4 — h,) = (3.450 Ibm/s)(975.24 — 109.40) Btu/Ibm = 2987 Btuls 


and the thermal efficiency of the cycle is 


Lou 1 an 0.3559 = 35.6% 


Qn 4637 


Nn =1 
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10-10 
10-18E A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
turbine inlet temperature and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential 
energy changes are negligible. 


Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 
hi = hr@ 5 psia =130.18 Btu/lbm 
Vi =V@spsia = 0.01641 ft?/lbm 


Wpin =“ (P-A) 
= (0.01641 ft?/lbm)(2500- 5)psia ath 


5.404 psia - ft? 
= 7.58 Btu/Ibm 
hy = hy + Win =130.18 + 7.58 = 137.76 Btu/Ibm 


P, =5psia | h4 =h; +x4h p =130.18 +(0.80)(1000.5) = 930.58 Btu/lbm 


x4=0.80 Í 54 =S 7 +x45 g = 0.23488 +(0.80)(1.60894) = 1.52203 Btu/Ibm-R 
P, = 2500 psia h, = 1450.8 Btu/Ibm 
s3 =54 =1.52203 Btu/lbm-R | 7; = 989.2°F 


Thus, 
qin = h3 — h, =1450.8 -137.76 = 1313.0 Btu/lbm 
Gout = h4 — h = 930.58 — 130.18 = 800.4 Btu/lbm 


The thermal efficiency of the cycle is 


out 800.4 


= 0.390 
din 1313.0 


1a =1 
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10-19E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 
hy =hy@ ipsia = 69.72 Btu/lbm 
Vi =Vr@6psia = 0.01614 ft? bm 


Wpin = 41 (P, -P,) 
= (0.01614 ft? /Ibm)(2500 —1)psia atts 


5.404 psia - ft? 
= 7.46 Btu/Ibm 
hy = hy + Wp in = 69.72 + 7.46 = 77.18 Btu/lbm 


P, = 2500 psia | h, = 1302.0 Btu/lbm 


T, = 800°F s3 =1.4116 Btu/lbm-R 
S4—S¢ = 
P,=Ipsia | x, =——+= Menee =0.6932 
s4 =53 S fe 
gs = hp +X4sh g = 69.72 + (0.6932)(1035.7) = 787.70 Btu/Ibm 
h, —h, 


> h4 = hy — Ny (hy — h4, ) = 1302.0 — (0.90)(1302.0 - 787.70) = 839.13 kJ/kg 


a hz -has 


Thus, 


qin =h, —h, =1302.0 -77.18 = 1224.8 Btu/lbm 
out = h4 -A =839.13 -69.72 = 769.41 Btu/lbm 
Waet = lin — Gou =1224.8— 769.41 = 455.39 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 


= MW et >m= 


Woe 1000KJ/s ee Btu 
Wnet 455.39 Btu/Ibm 1kJ 


J- 2.081lbm/s 


net 
The power output from the turbine and the rate of heat addition are 


1kJ 


a = 1016 kw 
0.94782 Btu 


Wr ou = (hz — hg) = (2.081 Ibm/s)(1302.0 -839. 13)BtuTon{ 


Ò;n = tidy, = (2.081 lbm/s)(1224.8 Btu/Ibm) = 2549 Btuls 


and the thermal efficiency of the cycle is 


Wee _ 1000 KJ/s = Btu 
Q,, 2549 Btu/s 1kJ 


in = ) = 0.3718 


10-11 
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10-20E A simple steam Rankine cycle operates between the specified pressure limits. The mass flow rate, the power 
produced by the turbine, the rate of heat addition, and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 
hy =hy@ ipsia = 69.72 Btu/lbm 
Vi =Vr@6psia = 0.01614 ft? bm 


Wpin = 41 (P, -P,) 
= (0.01614 ft? /Ibm)(2500 —1)psia atts 


5.404 psia - ft? 
= 7.46 Btu/Ibm 
hy = hy + Wp in = 69.72 + 7.46 = 77.18 Btu/lbm 


P, = 2500 psia | h, = 1302.0 Btu/lbm 


T; = 800°F s3 =1.4116 Btu/lbm: R 
KF e a a 
ETE A -14116 0.15262 Ee 
S4 = 53 5 fe -84495 
has =h; +X4sh g = 69.72 + (0.6932)(1035.7) = 787.70 Btu/lbm 
h,—h 
1r = a = > h4 =h; -17y (hz — h4; ) = 1302.0 — (0.90)(1302.0 — 787.70) = 839.13 kJ/kg 
3 = "4s 


The mass flow rate of steam in the cycle is determined from 


. a Mpt 1000 kJ/s eet 


Wa = (h —h,) —> m = = 2.048 lbm/s 
hs —h, (1302.0-839.13)Btu/Ibm\  1kJ 


The rate of heat addition is 


1kJ 
in = My — hy) = (2.048 Ibm/s)(1302.0 — 77.18) Btu/Ibm| ———~—— | = 2508 Btu/ 
Qin = mhz — hy) = ( m/s)( ) nee] u/s 


and the thermal efficiency of the cycle is 


Waet _ 1000 KJ/s (a Btu 


- ) = 0.3779 
Ò  2508Btu/s\( 1kJ 


1h = 


10-12 


The thermal efficiency in the previous problem was determined to be 0.3718. The error in the thermal efficiency caused by 


neglecting the pump work is then 


_ 0.3779 -0.3718 
0.3718 


Error x100 = 1.64% 
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10-13 


10-21 A steam power plant operates on a simple ideal Rankine cycle between the specified pressure limits. The thermal 
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 
hy = h f@10 xpa =191.81 kJ/kg 
Vi =V s@10 kpa = 0.00101 m*/kg 
W pin = vi(P, -P) 


p 


1k 
= (0.00101 m3/kg}7,000-10 kPa ae 
1kPa-m 


= 7.06 kJ/kg 


hy = hy + Win =191.81+ 7.06 = 198.87 kJ/kg 


P, =7 MPa | h, =3411.4 kJ/kg 
T; =500°C | s; = 6.8000 kJ/kg -K 


= 0.8201 


P4 =10 kPa |  _ Sa =S _ 6.8000 - 0.6492 
ee e Si 7.4996 
hy =h; + x4h p =191.81+ (0.8201\(2392.1)= 2153.6 kJ/kg 


Thus, 

qin =h, — hy = 3411.4 — 198.87 = 3212.5 kJ/kg 

dout = h4 — hy =2153.6 - 191.81 =1961.8 kJ/kg 

Wnet = in — Vout = 3212.5 — 1961.8 = 1250.7 kJ/kg 
and 

E Waet _ 1250.7 kJ/kg -38.9% 

qin 3212.5 kJ/kg 
(b) i- Wie _ 45,000 kJ/s _ 36.0 kg/s 
Waet 1250.7 kJ/kg 


(c) The rate of heat rejection to the cooling water and its temperature rise are 


Oout = d ont = (35.98 kg/s (1961.8 kJ/kg)= 70,586 KJ/s 


O 70,586 kI/s ae 


(2000 kg/s 4.18 kJ/kg -°C) 


eboling water = aS 
(mc) cooling water 
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10-22 A steam power plant operates on a simple nonideal Rankine cycle between the specified pressure limits. The thermal 
efficiency of the cycle, the mass flow rate of the steam, and the temperature rise of the cooling water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 
hy = h f@ 10 kpa = 191.81 kJ/kg 


W pin = ¥,(P, -P)/n, 
3 1kJ 
= (0.00101 m /kg 7,000 -10 era Hos 
1 


kPa -m 
= 8.11 kJ/kg 
h, =h +Wy in =191.81+8.11 = 199.92 kJ/kg 


P, =7 MPa | h, =3411.4 kJ/kg 
T; =500°C | s3 = 6.8000 kJ/kg : K 


P, =10 kPa S4-S = 
4 lass y= ip _ 6.8000-0.6492 -zap 


5S4 = S3 S fg 7.4996 
ha, =h; +x4hħ g =191.81 + (0.820\2392.1)= 2153.6 kJ/kg 


h; -h 
E > h4 =h; -nr (hs — has) 
3 T 4s =3411.4 —(0.87)(3411.4 — 2153.6)= 2317.1 kJ/kg 
Thus, 
qin = h -h =3411.4-199.92 = 3211.5 kJ/kg 
ou = h4 — h = 2317.1 -191.81 = 2125.3 kJ/kg 
Waet = din — our = 3211.5 — 2125.3 = 1086.2 kJ/kg 
and 
1086.2 kJ/k 
nq to 086.2 KIKE _ 39 8% 
din 3211.5 kJ/kg 
(0) rn = Hae - S000 KN _ 41 43 kgs 
Waet 1086.2 kJ/kg 


(c) The rate of heat rejection to the cooling water and its temperature rise are 
Oout = Md out = (41.43 kg/s\(2125.3 kJ/kg) = 88,051 kJ/s 


1k 
Out 7 88,051 kJ/s ate 


(2000 kg/s\(4.18 kJ/kg -°C) 


AT eoinnwater =o 
(mc) cooling water 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-15 


10-23 A simple Rankine cycle with water as the working fluid operates between the specified pressure limits. The rate of 
heat addition in the boiler, the power input to the pumps, the net power, and the thermal efficiency of the cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P, =50kPa hy = hy @7sec = 314.03 kJ/kg 
T, = Test @s0kra ~ 6-3 = 81.3-6.3 = 75°C Í v, =V p@75ec = 0.001026 m3 /kg 


Si 


Wp,in = v (P -P,) 
= (0.001026 m3/kg)(6000 —50)kPa | 


1kJ ) T 
3 
= 6.10 kJ/kg 


kPa -m 


h, =h, +W, in =314.03 +6.10 = 320.13 kJ/kg 


P, =6000kPa | h, =3302.9 kJ/kg 
T; = 450°C s3 = 6.7219 kJ/kg -K 


s4=Sf _ 6.7219 -1.0912 
Sg 6.5019 


= 0.8660 


P,=S0kPa | x4 = 


ON h4, = hp + X4sh g =340.54 + (0.8660)(2304.7) = 2336.4 kJ/kg 
hy —hy 
n= > h4 = hy — ny (hy — has) = 3302.9 —(0.94)(3302.9 — 2336.4) = 2394.4 kJ/kg 
3° "As 
Thus, 
Oi, = ti hy — h3) = (20 kg/s)(3302.9 —320.13)kI/kg = 59,660 kW 
We out = ri(s — h4) = (20 kg/s)(3302.9 2394.4) kJ/kg = 18,170 kW 
Wp in = Wp in = (20 kg/s)(6.10 kJ/kg) = 122 kW 
Woot = Wr out —Wpin = 18,170 -122 = 18,050 kW 
and 
1a = Waa _ 18,050 _ 9 3925 
O,, 59,660 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


EES 


10-16 


10-24 The change in the thermal efficiency of the cycle in Prob. 10-23 due to a pressure drop in the boiler is to be 


determined. 


Analysis We use the following EES routine to obtain the solution. 


"Given" 

P[2]=6000 [kPa] 

DELTAP=50 [kPa] 

P[3]=6000-DELTAP [kPa] 

T[3]=450 [C] 

P[4]=50 [kPa] 

Eta_T=0.94 

DELTAT_subcool=6.3 [C] 

T[1]=temperature(Fluid$, P=P[1], x=x[1])-DELTAT_subcool 
m_dot=20 [kg/s] 


"Analysis" 
Fluid$='steam_iapws' 


h[1]=enthalpy(Fluid$, P=P[1], T=T[1]) 
v[1]=volume(Fluid$, P=P[1], T=T[1]) 
w_p_in=v[1}*(P[2]-P[1]) 
h[2]=h[1]+w_p_in 
h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
s[3]=entropy(Fluid$, P=P[3], T=T[3]) 
s[4]=s[3] 

h_s[4]=enthalpy(Fluid$, P=P[4], s=s[4]) 
Eta_T=(h[3]-h[4])/(h[3]-h_s[4]) 
qg_in=h[3]-h[2] 

q_out=h[4]-h[1] 

w_net=q_in-q_out 
Eta_th=1-q_out/q_in 


Solution 

DELTAP=50 [kPa] 
Eta_th=0.3022 
h[2]=320.21 [kJ/kg] 
h_s[4]=2338.1 [kJ/kg] 


DELTAT_subcool=6.3 [C] 
Fluid$='steam_iapws' 
h[3]=3303.64 [kJ/kg] 
m_dot=20 [kg/s] 


P[2]=6000 P[3]=5950 
q_in=2983.4 [kJ/kg] q_out=2081.9 [kJ/kg] 
s[4]=6.7265 [kJ/kg-K] T[1]=75.02 [C] 


v[1]=0.001026 [m*3/kg] 
x[1]=0 


w_net=901.5 [kJ/kg] 


Eta T=0.94 
h[1]=314.11 [kJ/kg] 
h[4]=2396.01 [kJ/kg] 
P[1]=50 

P[4]=50 

s[3]=6.7265 [kJ/kg-K] 
T[3]=450 [C] 
W_p_in=6.104 [kJ/kg] 


Discussion The thermal efficiency without a pressure drop was obtained to be 0.3025. 
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10-25 The net work outputs and the thermal efficiencies for a Carnot cycle and a simple ideal Rankine cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) Rankine cycle analysis: From the steam tables (Tables A-4, A-5, and A-6), 

hy = hr@ 50 kPa — 340.54 kJ/kg 

Vi =Y@ 50 kPa = 0.001030 m*/kg 


T Rankine 
cycle 


W pin =v (P, -P) 
= (0.001030 m?/kg {5000 - sopa t 


1 kPa -m° 
=5.10 kJ/kg 
hy =h + Wp in =340.54 + 5.10 = 345.64 kJ/kg 


P, =5 MPa i =2794.2 kJ/kg 


x, =1 s3 = 5.9737 kJ/kg -K 


P, =50 kPa S4-=5Sf 5.9737 -1.0912 
% bs T E OU 


hy =hy + x4h g =340.54 + (0.7509\2304.7) 
= 2071.2 kJ/kg 


S4=83 


Gin = h3 — h = 2794.2 — 345.64 = 2448.6 kJ/kg 
Jour = h4 — h = 2071.2 — 340.54 =1730.7 kJ/kg 
Waet = Yin — Jour = 2448.6 — 1730.7 =717.9 kJ/kg 


You _y_ 1730-7 _ 9 9939 = 29.3% 
din 2448.6 


Mn =1 


(b) Carnot Cycle analysis: 
P, = 5 MPa | h; = 2794.2 kJ/kg 
T, =263.9°C 
T, =T} =263.9°C | hy =1154.5 kJ/kg 
Sy = 2.9207 kJ/kg: K 


x3=1 


ve, SLT SY _ 2.9207 - 1.0912 
P, =50 R DET 6.5019 


= 0.2814 


= 340.54 + (0.2814)(2304.7) = 989.05 kJ/kg 


din = 3 — hy = 2794.2 -1154.5 =1639.7 kJ/kg 
Gout = M4 — h = 2071.2 — 340.54 = 1082.2 kJ/kg 
Waet = Vin — Vout = 1639.7 — 1082.2 = 557.5 kJ/kg 


dow _ 1 _ 1082.2 


din 1639.7 


= 0.3400 = 34.0% 


1a =1 
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10-26 A 120-MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure 
limits. The overall plant efficiency and the required rate of the coal supply are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 
hy = hra 15 kPa = 225.94 kJ/kg 
Vi =V f@ 15 kpa =0.0010140 m°/kg 


Wp,in =v (P, -P) 
= (0.001014 m3/kg\9000 - 15 ea] 


1kPa-m 
=9.11 kJ/kg 
hy =h + Win = 225.94 +9.11 = 235.05 kJ/kg 


P, =9 MPa | h; =3512.0 kJ/kg 
T; = 550°C Ís, =6.8164 kJ/kg: K 


P, =15 kP S4 — SF = 
4 * f=" s _ 6.8164 -0.7549 _ 9 ance 


hy =h; + x4h jy = 225.94 + (0.8358)(2372.4) = 2208.8 kJ/kg 


54 = 53 


The thermal efficiency is determined from 


din = — h, = 3512.0 — 235.05 = 3276.9 kJ/kg 
ont = h4 — hy = 2208.8 — 225.94 = 1982.9 kJ/kg 


and 


Jow _ 1 _ 1982.9 _ 9 3949 


din 3276.9 


In =1 


Thus, 
Moveralt = th X Mcomb X gen = (0.3949 0.75)(0.96) = 0.2843 = 28.4% 


(b) Then the required rate of coal supply becomes 


. w 12 k 
On =e 0,000 IE s ET 
1 overall 0.2843 


and 
Qi, _ 422,050 kJ/s 


coal = = ——— = 14.404 kg/s = 51.9 tons/h 
Coo 29,300 kJ/kg 


m 
coal 
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10-27 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass flow rate of 


steam through the turbine, the isentropic efficiency of the turbine, the power output from the turbine, and the thermal 
efficiency of the plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T, = 230°C 
h, = 990.14 kJ/kg 
Xi = 0 
P, = 500 kPa „ Dahir _ 990.14 = 640.09 _ 5 i66] : 
hy = h, = 990.14 kI/kg{ ° h g 2108 f steam 


turbine 


The mass flow rate of steam through the turbine is separator 


Thy = xar, = (0.1661)(230 kg/s) = 38.20 kg/s 2 


condenser 
(b) Turbine: 


Flash 


P, = 500 kPa i = 2748.1 kJ/kg 


x, =1 S3 = 6.8207 kJ/kg- K chamber 
P, =10 kPa , 
hy, =2160.3 kJ/kg production 1 reinjection 
S4 = 83 well well 
P, =10 kPa 


hy =h; +X4h py =191.81+ (0.90)(2392.1) = 2344.7 kJ/kg 
x4 =0.90 . 
hy—hy _ 2748.1-2344.7 


= = 0.686 
hy—hy, 2748.1-2160.3 


1r = 


(c) The power output from the turbine is 
We out = m; (h, — h, ) = (38.20 kI/kg)(2748.1— 2344.7) kJ/kg = 15,410 kW 
(d) We use saturated liquid state at the standard temperature for dead state enthalpy 
Ty = 25°C 
ho = 104.83 kJ/kg 
Xo = 0 


Ej, = rù, (h, — họ) = (230 KJ/kg)(990.14 —104.83)kJ/kg = 203,622 kW 


Wiron — 15,410 
en BORED? 


= 0.0757 = 7.6% 
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10-28 A double-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The temperature of 
the steam at the exit of the second flash chamber, the power produced from the second turbine, and the thermal efficiency of 
the plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T, = 230°C 

h, = 990.14 kJ/kg 
xy = 0 
P, = 500 kPa 


x, = 0.1661 


Th, = xr = (0.1661)(230 kg/s) = 38.20 kg/s 
Tig = ti, — th, = 230 — 0.1661 = 191.80 kg/s 


steam 
turbine 


P, = 500 kP 
: i las = 2748.1 kJ/kg separator 


x3 = 
2 
P, =10 kPa 
hg = 2344.7 kJ/kg 
x4 = 0.90 
P; =500 kPa Flash Flash 
0 la = 640.09 kJ/kg aa EROA 


P, =150 kPa a =111.35°C 


h, = hg x- = 0.0777 is reinjection 
production well 
P, =150 kPa ll 
8 i ha = 2693.1 kJ/kg ws 
Xg = 


(b) The mass flow rate at the lower stage of the turbine is 
Mg = xım = (0.0777)(191.80 kg/s) = 14.90 kg/s 
The power outputs from the high and low pressure stages of the turbine are 


Wr out = 7i (f — hg) = (38.20 kJ/kg)(2748.1 — 2344.7)KJ/kg = 15,410 kW 


Wirz.out = rg (hg — hg) = (14.90 KJ/kg)(2693.1 — 2344.7)kJ/kg = 5191 kW 


(c) We use saturated liquid state at the standard temperature for the dead state enthalpy 
To =25°C 


la = 104.83 kJ/kg 
Xo = 0 


E,, = tin (h — ho) = (230 kg/s)(990.14 -104.83)kJ/kg = 203,621 kW 


W. 
pace oes TS Aone 
È. 203,621 


in 
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10-29 A combined flash-binary geothermal power plant uses hot geothermal water at 230°C as the heat source. The mass 
flow rate of isobutane in the binary cycle, the net power outputs from the steam turbine and the binary cycle, and the 
thermal efficiencies for the binary cycle and the combined plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) We use properties of water for geothermal water (Tables A-4 through A-6) 


T, = 230°C 

h; = 990.14 kJ/kg 
xy = 0 
P, = 500 kPa 


x, = 0.1661 


rin, = xr = (0.1661)(230 kg/s) = 38.20 kg/s 
ting = 1, — rit; = 230 -38.20 = 191.80 kg/s 


P, = 500 kPa 

hy = 2748.1 kJ/kg Be caren 
X3 = i 

turbine 
P, =10 kPa 
h, = 2344.7 kJ/kg 
x4 = 0.90 
air-cooled 

P, =500 kPa condenser 

he = 640.09 KJ/kg 
x6 =0 isobutane 
T- = 90°C turbine 

É la =377.04 kJ/kg eins 
x7, =0 
s ; ; pump 
The isobutane properties are obtained 
from EES: heat exchanger 
P, =3250 kPa 
hg = 755.05 kJ/kg i 

T; =145°C 
Py = 400 kPa production reinjection 

ho = 691.01 kJ/kg well well 
T, = 80°C 


P o = 400 kPa | hio = 270.83 kJ/kg 


X19 =0 Vio = 0.001839 m3/kg 


Wp,in = violBiı - Po)/n, ia 
= (0.001819 m3/kg (3250 ~ 400) kPa] ———~ |/0.90 
1kPa-m 
= 5.82 kJ/kg. 
hy, = hyo + Wy in = 270.83 + 5.82 = 276.65 kJ/kg 


An energy balance on the heat exchanger gives 
me (Ng — h7) = Miso (hg =M) 
(191.81 kg/s)(640.09 -377.04)kJ/kg = Miso (755.05 - 276.65)kJ/kg —> Miso = 105.46 kg/s 


1S0 


(b) The power outputs from the steam turbine and the binary cycle are 


War steam = r3 (s — hy) = (38.19 KJ/kg)(2748.1 — 2344.7)kJ/kg = 15,410 kW 


Wig. = Miso (hg — ho) = (105.46 KJ/kg)(755.05 — 691.01)KJ/kg = 6753 kW 


W rerpinary = P T,iso — Miso W p,n = 6753 — (105.46 kg/s)(5.82 kJ/kg) = 6139 kW 
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10-22 
(c) The thermal efficiencies of the binary cycle and the combined plant are 


Oin binary = Miso (tg — h11) = (105.46 kI/kg)(755.05 —276.65)kJ/kg = 50,454 kW 


W net,binary E. 6139 


inary = — = 0.122 =12.2% 
7] th, binary Ores 50,454 9 
Ty =25°C 
ho = 104.83 kJ/kg 
Xo = 0 


E;n =m, (h; — ho ) = (230 kJ/kg)(990.14 —104.83) kJ/kg = 203,622 kW 


W. steam +t Ve ina: 
tsteam + Prettinay _ 15,410+6139 _ 9 196 - 19,606 
E. 203,622 


in 


77th, plant = 
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10-23 
The Reheat Rankine Cycle 


10-30C The pump work remains the same, the moisture content decreases, everything else increases. 


10-31C The 7-s diagram shows two reheat cases for the reheat Rankine cycle similar to the one shown in Figure 10-11. In 
the first case there is expansion through the high-pressure turbine from 6000 kPa to 4000 kPa between states 1 and 2 with 
reheat at 4000 kPa to state 3 and finally expansion in the low-pressure turbine to state 4. In the second case there is 
expansion through the high-pressure turbine from 6000 kPa to 500 kPa between states 1 and 5 with reheat at 500 kPa to 
state 6 and finally expansion in the low-pressure turbine to state 7. Increasing the pressure for reheating increases the 
average temperature for heat addition makes the energy of the steam more available for doing work, see the reheat process 2 
to 3 versus the reheat process 5 to 6. Increasing the reheat pressure will increase the cycle efficiency. However, as the 
reheating pressure increases, the amount of condensation increases during the expansion process in the low-pressure turbine, 
state 4 versus state 7. An optimal pressure for reheating generally allows for the moisture content of the steam at the low- 
pressure turbine exit to be in the range of 10 to 15% and this corresponds to quality in the range of 85 to 90%. 


Steam 
900 IAPWS 


800 
700 


600 


TIKI] 


500 


- 500 kPa 


400 


300 


200 
o 20 40 60 80 100 120 140 160 180 


s [kJ/kmol-K] 


10-32C The thermal efficiency of the simple ideal Rankine cycle will probably be higher since the average temperature at 
which heat is added will be higher in this case. 
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10-33 An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 
hy =hy@ionpa = 191.81 kJ/kg 
Vi =Y@ioKra = 0.001010 m*/kg 


Wp,in = V1 (P> -P,) lk 
= (0.001010 m*/kg)(8000 —10)kPa =) 


= 8.07 kJ/kg cram 
h, = hy + Wyn =191.8148.07 =199.88 kJ/kg 


P, =8000kPa ) h, =3273.3 kJ/kg 
T; = 450°C s3 = 6.5579 kJ/kg -K 
S4-S¢ _ 6.5579 -1.8604 


Sfp 4.9603 
hy = hp +x4h g = 640.09 + (0.9470)(2108.0) = 2636.4 kJ/kg 


P,=S00kPa | x,= = 0.9470 


5S4 = S3 


P; = 500 kPa | hs =3484.5 kJ/kg 


T; = 500°C Ss = 8.0893 kJ/kg -K 

Se —S = 
P, =10kPa } x, = 6 Sf _ 8.0893 -0.6492 -0.9921 
S6 = 5S5 


he =h; + xh g =191.81+ (0.9921)(2392. 1) = 2564.9 kJ/kg 


Thus, 
qin = (h3 — h, )+ (h; — h4) = 3273.3 -199.88 + 3484.5 — 2636.4 = 3921.5 kJ/kg 
dout = h6 — A =2564.9 -191.81 = 2373.1 kJ/kg 
Wiet = lin — Vout = 3921.5 — 2373.1 = 1548.5 kJ/kg 


The mass flow rate of steam in the cycle is determined from 


; W, 
Woop = MCh; —h,) —> m = —* = SUNUINIS. 23900 kg/s 
Waet 1548.5 kJ/kg 


net 
and the thermal efficiency of the cycle is 


te ee 
din 3921.5 


= 0.395 


1a =1 


10-24 
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10-34 An ideal reheat steam Rankine cycle produces 2000 kW power. The mass flow rate of the steam, the rate of heat 
transfer in the reheater, the power used by the pumps, and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 
hy =hy@iooxpa = 417.51 kJ/kg 
Vi =Y@100kPa = 0.001043 m*/kg 


Wp in = V1 (P =P) 
= (0.001043 m3/kg)(15000—100)kPa (| 
=15.54 kJ/kg 1kPa-m 
hy = hy + Wp in = 417.51415.54 = 433.05 kJ/kg 


P, =15,000kPa } h; =3157.9 kJ/kg 
T; = 450°C s3 = 6.1434 kJ/kg -K 
s4 -Sf _ 6.1434- 2.4467 


S g 3.8923 
hy =h; +x4h p = 908.47 + (0.9497)(1889.8) = 2703.3 kJ/kg 


P, =2000kPa } x, = 


Sq = S3 


= 0.9497 


P, = 2000 kPa | h; =3358.2 kJ/kg 


T; = 450°C 55 = 7.2866 kJ/kg -K 
So —S = 
poe apes ee EE =H og80 
Se 6.0562 
S6 =S5 s 


he =h, +xçh, =417.51+ (0.9880)(22257.5) = 2648.0 kJ/kg 
6 F 6" Je 


Thus, 
qin = (hz — hz )+ (h; — h4) = 3157.9 — 433.05 + 3358.2 — 2703.3 = 3379.8 kJ/kg 
dout = h6 — h = 2648.0 -417.51 = 2230.5 kJ/kg 
Wiet = lin — Vout = 379.8 — 2230.5 = 1149.2 kJ/kg 


The power produced by the cycle is 


W, 


net = MWret = (1.74 kg/s)(1 149.2 kJ/kg) = 2000 kW 
The rate of heat transfer in the rehetaer is 

Ò cheater = m(h; — h4) = (1.740 kg/s)(3358.2 — 2703.3) kJ/kg = 1140 kW 
Wpin = MWp in = (1.740 kg/s)(15.54 kJ/kg) = 27 kW 


and the thermal efficiency of the cycle is 


don _ 1 _ 22305 _ 9 349 
da 3379.8 


Mn =1 
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10-35 @® A steam power plant that operates on the ideal reheat Rankine cycle is considered. The turbine work output 
and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 


W pin =(P — P,) tk 
= (0.001017 m3/kg(6000 — 20 kPa = 
1kPa-m 
= 6.08 kJ/kg 
hy =h, + Wy in = 251.42 + 6.08 = 257.50 kJ/kg 


P, =6 MPa | h, = 3178.3 kJ/kg 
T, =400°C Ís, =6.5432 kJ/kg K 


P, =2 MPa 


Jas = 2901.0 kJ/kg 
Sq es 5S3 


P, =2 MPa |" = 3248.4 kJ/kg 


T; = 400°C | s5 =7.1292 kJ/kg K 
S6—S¢ _ 7.1292 -0.8320 

P, = 20 kPa | x =—-_“= = 0.8900 

$ CO O 7.0752 

S6 555 


he =hy + xh p =251.42 + (0.8900 2357.5)= 2349.7 kJ/kg 


The turbine work output and the thermal efficiency are determined from 


Wr out =(h3 — h4 )+ (hs — hs )=3178.3 — 2901.0 + 3248.4 — 2349.7 = 1176 kJ/kg 


and 
din = (h3 — h )+ (A; — h4 )=3178.3 — 257.50 + 3248.4 — 2901.0 = 3268 kJ/kg 
Wnet = WT,out — Wp,in =1176 — 6.08 =1170 kJ/kg 
Thus, 
1170 kJ/k 
a E = 35.8% 
din 3268 kJ/kg 
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EES 
10-36 Problem 10-35 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 
by including the effects of the turbine and pump efficiencies and reheat on the steam quality at the low-pressure turbine exit 
Also, the T-s diagram is to be plotted. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data - from diagram window" 

{P[6] = 20 [kPa] 

P[3] = 6000 [kPa] 

T[3] = 400 [C] 

P[4] = 2000 [kPa] 

T[5] = 400 [C] 

Eta_t = 100/100 "Turbine isentropic efficiency” 
Eta_p = 100/100 "Pump isentropic efficiency"} 


“Pump analysis" 

function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 
if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(Subcooled)' 

end 


Fluid$='Steam_IAPWS' 


P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 

h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1J=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 
T[1]=temperature(Fluid$,P=P[1],x=x[1]) 
W_p_s=v[1]}*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W_p "SSSF First Law for the pump" 
v[2]=volume(Fluid$,P=P[2],h=h[2]) 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$, T=T[3],P=P[3]) 

s[3]=entropy(Fluid$, T=T[3],P=P[3]) 
v[3]=volume(Fluid$, T=T[3], P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$, T=T[4],P=P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 
"Low Pressure Turbine analysis" 

P[S]=P[4] 

s[5]=entropy(Fluid$, T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$, T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 
vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
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x[6]=QUALITY (Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

Q_in + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 

x6s$=x6$(x[6]) 


"Cycle Statistics" 
W_net=W_t_hp+W_t_lp-W_p 
Eff=W_net/Q_in 


700 Steamiapws 


Ideal Rankine cycle with reheat 


00 10 20 30 40 50 60 70 80 90 10.0 
s [kJ/kg-K] 


SOLUTION 
Eff=0.358 

Eta_p=1 

Eta_t=1 
Fluid$='Steam_IAPWS' 
Q_in=3268 [kJ/kg] 
Q_out=2098 [kJ/kg] 
W_net=1170 [kJ/kg] 
W_p=6.083 [kJ/kg] 
W_p_s=6.083 [kJ/kg] 
W_t_hp=277.2 [kJ/kg] 
W_t_lp=898.7 [kJ/kg] 
x6s$=" 
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10-29 


10-37E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E or EES), 
hy =hy@ 10psia = 161.25 Btu/Ibm 
Vi =V @10psia = 0.01659 ft? /Ibm 


Win = v (P, -P,) 
= (0.01659 ft? /Ibm)(600 — 10)psia | >" 
5.404 psia - ft 
SKg Btu/lbm 
hy = h +W, in =161.25+1.81 = 163.06 Btu/lbm 


P, = 600 psia | h, =1289.9 Btu/lbm 


T; =600°F Í s, =1.5325Btu/lbm-R 

S4-Sy 1.5325- 0.54 
Hebie | ae eS aes 
Sq = S3 # 


hy =h; +x4h g = 355.46 + (0.9865)(843.33) = 1187.5 Btu/lbm 


P, = 200 psia | h; =1322.3 Btu/lbm 


T; =600°F Í s; =1.6771Btu/lbm-R 
S4-Sy — 1.6771-0.28362 
E Ni epee = EO Rees 00266 
ae 1.50391 
S6 =S5 i 


he =h; +X6)t p =161.25+ (0.9266)(981.82) = 1071.0 Btu/lbm 


Thus, 
qin = (hy — hy) + (h; — h4 ) = 1289.9 -163.06 +1322.3 -1187.5 = 1261.7 Btu/lbm 
out = hg — hı =1071.0—161.25 = 909.7 Btu/lbm 
Waet = in ~out = 1261.7 — 909.8 = 352.0 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 


: : _ W, k. 
(eB in = Fra _ 5000 J/s í 
Waet 352-0 Btu/lbm 


0.94782 Btu 
1kJ 


)- 13.47 lbm/s 


The rates of heat addition and rejection are 


Òn = qin = (13.47 lbm/s)(1261.7 Btu/Ibm) = 16,995 Btuls 


Òu = d out = (13.47 Ibm/s)(909.7 Btu/Ibm) = 12,250 Btuls 


and the thermal efficiency of the cycle is 


Wr | 5000 KJ/s [p= Btu 


- ) = 0.2790 
O,,  16,990Btu/s\ 1kJ 


Tih = 
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10-38E An ideal reheat steam Rankine cycle produces 5000 kW power. The rates of heat addition and rejection, and the 
thermal efficiency of the cycle are to be determined for a reheat pressure of 100 psia. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E or EES), 
hy = A f@ 10psia = 161.25 Btu/Ibm 
Vi =V p@opsia = 0.01659 ft? Ibm 


Wp, in =, (P, -P,) 


p 
= (0.01659 ft?/Ibm)(600— 10)psia | >" 
5.404 psia - ft 
-1.81 Btu/lbm 


hy = h +W, in =161.25 +1.81 =163.06 Btu/lbm 


P, =600psia | h, =1289.9 Btu/lbm 
T; = 600°F S3 =1.5325 Btu/lbm-R 
S4=Sf _ 1.5325- 0.47427 


S fp 1.12888 
hy =h; +xgh g =298.51+(0.9374)(888.99) = 1131.9 Btu/lbm 


= 0.9374 


P,=100psia | x, = 


S4 = S3 


P =100psia | h; =1329.4 Btu/lbm 
T; = 600°F Ss =1.7586 Btu/lbm:R 
S6 Sf _ 1.7586- 0.28362 


S g 1.50391 
he =h; +xçhħ p =161.25+ (0.9808)(981.82) = 1124.2 Btu/lbm 


= 0.9808 


Po =10psia | x= 
S6 =S5 


Thus, 
qin = (hy — hy) + (h; — h4) = 1289.9 -163.07 +1329.4 -1131.9 = 1324.4 Btu/lbm 
out = hg — hı =1124.2-161.25 = 962.9 Btu/Ibm 
Waet = Vin ~Vout = 1324.4 — 962.9 = 361.5 Btu/lbm 


The mass flow rate of steam in the cycle is determined from 


W, 5000 KJ/s 
W = iw SiE net _ 
net net w 361.5 Btu/lbm | 


0.94782 Btu 
1kJ 


)=13.111bms 


net 


The rates of heat addition and rejection are 


QO... = qin = (13.11 Ibm/s)(1324.4 Btu/Ibm) = 17,360 Btuls 


Òu =q out = (13.11 Ibm/s)(962.9 Btu/Ibm) = 12,620 Btuls 


and the thermal efficiency of the cycle is 


Wr | 5000 KJ/s [p= Btu 


- ) =0.2729 
O,,  17,360Btu/s\ 1kJ 


Ith = 


Discussion The thermal efficiency for 200 psia reheat pressure was determined in the previous problem to be 0.2790. Thus, 
operating the reheater at 100 psia causes a slight decrease in the thermal efficiency. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-31 


10-39 An ideal reheat Rankine with water as the working fluid is considered. The temperatures at the inlet of both turbines, 
and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 


potential energy changes are negligible. 


Analysis From the steam tables (Tables A-4, A-5, and A-6), 


Thus, 


and 


hy =hr@ 10 kPa =191.81kJ/kg 
Vi =V p@ioxpa = 0.001010 m*/kg 


Wp in =4(P, - Pi) ikr 
= (0.001010 m?/kg)(7000 — 10)kPa E) 


= 7.06 kJ/kg kPa 
hy =h, + Wp in =191.81 + 7.06 = 198.87 KJ/kg 


P, =800 kPa | hy =hy +x4h g = 720.87 + (0.93)(2047.5) = 2625.0 kJ/kg 
x4 =0.93 S4 =S f + X45 g = 2.0457 + (0.93)(4.6160) = 6.3385 KJ/kg : K 


P, = 7000 kPa | h, =3085.5 kJ/kg 


S3=S4 T; =373.3°C 


P,=10kPa | hg =h; +x 6h g =191.81 + (0.93)(2392.1) = 2416.4 kJ/kg 
x =0.90 S6 =S +X 65 g = 0.6492 + (0.93)(7.4996) = 7.6239 kJ/kg - K 
P, =800kPa | h; =3302.0 kJ/kg 


S5 = S6 T; =416.2°C 


din = (hy — hy) + (hs — hy) =3085.5 — 198.87 + 3302.0 — 2625.0 = 3563.6 kJ/kg 
dont = hg — h = 2416.4 — 191.81 = 2224.6 kJ/kg 


dou _1_ 22246 _ 9 3757_ 37.6% 


din 3563.6 


Mn =1 
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10-40 A steam power plant that operates on an ideal reheat Rankine cycle between the specified pressure limits is 


considered. The pressure at which reheating takes place, the total rate of heat input in the boiler, and the thermal efficiency 


of the cycle are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 
hy =Nga@ 10 kPa = 191.81 kJ/kg 
Vi =Ysar@ 10 kPa = 0.00101 m*/kg 
W pin = 1 (P> - P,) E 
= (0.00101 m3 /kg)(15,000-10 kPa) ——— 
1kPa-m 
=15.14 kJ/kg 


hy =h, +W, in =191.81415.14 = 206.95 kJ/kg 


p,in 


P, =15 MPa | A = 3310.8 kJ/kg 
T; =500°C Í s3 = 6.3480 kJ/kg -K 
P; =10 kPa n =h; +X6h jy =191.81+ (0.90)(2392.1) = 2344.7 kJ/kg 


S6 = 535 S6 =S p +X6S g = 0.6492 + (0.907.4996) = 7.3988 kJ/kg -K 


T; = 500°C | P; = 2150 kPa (the reheat pressure) 
S5 = S6 h; = 3466.61 kJ/kg 


P, =2.15 MPa 


2 = 2817.2 kJ/kg 
S4 = 83 


(b) The rate of heat supply is 


Oj, = mil(hs — hy )+ (hs -h4 )] 
= (12 kg/s\(3310.8 — 206.95 + 3466.61 —2817.2)kJ/kg 
= 45,039 kw 


(c) The thermal efficiency is determined from 


Oou = (hg — hy )= (12 kJ/s)(2344.7 -191.81)kI/kg = 25,835 kJ/s 
Thus, 


Oni — | _ 25,834 KJ/s 
On 45,039 KJ/s 


Na =1 = 42.6% 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


10-33 


10-41 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power 
output, and the thermal efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


P, =12.5 MPa | h, = 3476.5 kJ/kg 
T} =550°C Ís, = 6.6317 kJ/kg: K 


P, =2 MPa 
hy, = 2948.1 kJ/kg 
S45 = 53 
Nr = h -h Condenser 
F hz — h4s Pump 


>h, =h; -Nr (h; z has) 
= 3476.5 —(0.85)(3476.5— 2948.1) 


T 
= 3027.3 kJ/kg 
P, =2 MPa | h; = 3358.2 kJ/kg 
T; = 450°C |s; =7.2815 kJ/kg- K 
HS Nis ats 
ee =095,-° mA 
Ps = 2 
hes = (Eq. 2) 
S6 = 5S5 
hs -he 
ME > h6 = hs — nr (hs — hgs ) = 3358.2 — (0.85)(3358.2 — hss ) (Eq. 3) 
5” "6s 


The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above 
three equations: 


P.=9.73 kPa, is = 2463.3 kJ/kg, 
(b) Then, 
h = hr@ 9.73 kPa 7 189.57 kJ/kg 
Vi =Yr@ ona = 0.001010 m*/kg 
W pin =4(P,-B)/n, Li 
= (0.00101 mĉ/kg (12,500 — 9.73 kPa) ———— [/(0.90) 
1 kPa-m 
=14.02 kJ/kg 
hy = h + Wy in = 189.57 + 14.02 = 203.59 kJ/kg 


Cycle analysis: 
din = (h3 — h )+ (hs — h4 ) = 3476.5 — 203.59 + 3358.2 — 2463.3 = 3603.8 kJ/kg 


dout = hg — hy = 2463.3 — 189.57 = 2273.7 kJ/kg 


W, 


net 


=M(Gin — Vout) = (7.7 kg/s)(3603.8 - 2273.7)kJ/kg = 10,242 kW 
(c) The thermal efficiency is 
dout _,_ 2273.7 kJ/kg 


yy =1-4t = 1- == ~*~ = 0,369 = 36.9% 
din 3603.8 kJ/kg 
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Regenerative Rankine Cycle 


10-42C Moisture content remains the same, everything else decreases. 


10-43C This is a smart idea because we waste little work potential but we save a lot from the heat input. The extracted 
steam has little work potential left, and most of its energy would be part of the heat rejected anyway. Therefore, by 
regeneration, we utilize a considerable amount of heat by sacrificing little work output. 


10-44C In open feedwater heaters, the two fluids actually mix, but in closed feedwater heaters there is no mixing. 


10-45C Both cycles would have the same efficiency. 


10-46C To have the same thermal efficiency as the Carnot 
cycle, the cycle must receive and reject heat isothermally. 
Thus the liquid should be brought to the saturated liquid state 
at the boiler pressure isothermally, and the steam must be a 
saturated vapor at the turbine inlet. This will require an 
infinite number of heat exchangers (feedwater heaters), as 
shown on the 7-s diagram. 
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10-47E Feedwater is heated by steam in a feedwater heater of a regenerative Rankine cycle. The ratio of the bleed steam 
mass flow rate to the inlet feedwater mass flow rate is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4E through A-6E or EES), 
hy = hr@ 110°F — 78.02 Btu/lbm 
P, =20 psia 


hy =1167.2 Btu/lbm 
T, =250°F 


hz z= hr@ 225°F = 193.32 Btu/Ibm 


Analysis We take the mixing chamber as the system, which is a control volume since mass crosses the boundary. The mass 
and energy balances for this steady-flow system can be expressed in the rate form as 


Mass balance: 


o E ee 70 (steady) _ Water 
Min Mout = AM system =0 


: s 110°F 
Min =M 20 psia SÁ — 
© 


th, +m =m Water 
— @ 20psia 
Energy balance: © 225°F 
; . f Jociai) Steam ~ 
Ein — Eou = AE system =0 20 psia 
Rate of net energy transfer Rate of change in internal, kinetic, 250°F 
by heat, work, and mass potential, etc. energies 


En =E 
mh, +m,h, =m,h; (since Ò =W = Ake = Ape = 0) 


mh, +m,h, = (m, +m, )hz 


out 


Solving for the bleed steam mass flow rate to the inlet feedwater mass flow rate, and substituting gives 


ñi h -h,  (78.02-193.32) kJ/kg _ 


y h-hh, (193.32 1167.2) kJ/kg 


0.118 
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10-48 In a regenerative Rankine cycle, the closed feedwater heater with a pump as shown in the figure is arranged so that 
the water at state 5 is mixed with the water at state 2 to form a feedwater which is a saturated liquid. The amount of bleed 
steam required to heat 1 kg of feedwater is to be determined. 


Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential energy changes are 
negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is negligible. 


Properties From the steam tables (Tables A-4 through A-6), 


Steam 
P, =7000 kPa 6000 kPa 
h = oc =1134.8kI/k 
T, = 260°C | 1 2 Aaa “1194.8 E 325°C 
P, = 6000 kPa 
h} = 2969.5 kJ/kg 
T; =325°C 
P, =7000kPa 7000 kPa Haat 
Ne = h f @7000 kPa = 1267.5 kJ/kg sat. liq. 7000 kPa 
X5 =0 260°C 


Analysis We take the entire unit as the system, which is a 
control volume since mass crosses the boundary. The energy 
balance for this steady-flow system can be expressed in the rate 


form as 
E _ E _ A È 0 (steady) =0 
in out E system = 
us i 
Rate of net energy transfer Rate of change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 
E in 7 E out 


mh, +mh, +M3Wp in = mehe 


myh, +mh3 +m3Wp in = (m; +m; Jhe 
Solving this for m, , 


he —h 2 
gt =(1kg/s) Mp7) = LOES _=9:0779 kg/s 
(hy — he) + Wein 2969.5 — 1267.5 + 1.319 


m3 =m 


where 


WP. in = 04 (Ps — P4) = V f @ 6000 kPa (P5 - P4) 


= (0.001319 m*/kg)(7000 — 6000) kea ER) =1.319 kJ/kg 


Pa-m 
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10-37 


10-49E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The work produced by the 


turbine, the work consumed by the pumps, and the heat rejected in the condenser are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 
hy = A f@ spsiq = 130.18 Btu/Ibm 


Vi =V p@spsia = 0.01641 ft*/Ibm 


Wperin = V1 (P, -P,) 


1Bt 

= (0.01641 ft} /Ibm)(40—5)psia] ———“ 
5.404 psia - ft 

= 0.11 Btu/lbm 


hy = hy + Wprin = 130.18 + 0.11 = 130.29 Btu/lbm 


V3 =V 5@a0psia = 0.01715 ft? /Ibm 


Wpitin 7 ¥3 (P-P) 


= (0.01715 t? /lbm)(500-40)psia| —— B" 
5.404 psia - ft 
= 1.46 Btu/Ibm 
hy = hy + Wopyin = 236.14 + 1.46 = 237.60 Btu/lbm 


P; = 500 psia | h; =1298.6 Btu/lbm 


T; =600°F f s; =1.5590 Btu/lbm-R 
So —S¢ = 
P, =40psia | Xp = . fe ae = 0.9085 
= Ig j 
ee he =h; +x¢h p =236.14 +(0.9085)(933.69) = 1084.4 Btu/lbm 
S47S fF = 
Peles xy = SATSA _ 1:5590=0.23488 _ 9 8330 
4 1.60894 
S7 = S5 JE 


hy =hy +x7h g =130.18 + (0.8230)(1000.5) = 953.63 Btu/lbm 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 


Noting that O=W = Ake = Ape = 0, 


È, -È u =AÈ P0 (steady) _ 0 


system 
Ey, = Eoy 
$o ih; =$ ehe —> Mehe +h, = mh, —> yhe +(1- y)hy =1h; 
where y is the fraction of steam extracted from the turbine (= mę / m, ). Solving for y, 


h; -h 14-130. 
p= Ži _ 23614-13029 _ 9 1199 
hg -hy  1084.4—130.29 


Then, 
WT out = hs —he + (1—y)(he — 7) = 1298.6 — 1084.4 + (1—0.1109)(1084.4 — 953.63) = 330.5 Btullbm 
Wp in = Wprin + WPiin = 0.11+1.46 = 1.57 Btullbm 
dour = -— y)(A, —h,) = A—-0.1109)(953.63 — 130.18) = 732.1Btu/lbm 
Also, 


din =h; -h4 =1298.6— 237.60 = 1061 Btu/Ibm 


pda. 29 82 
din 1061 


0.3100 


1th 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


10-38 


10-50E An ideal regenerative Rankine cycle with an open feedwater heater is considered. The change in thermal efficiency 
when the steam supplied to the open feedwater heater is at 60 psia rather than 40 psia is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4E, A-5E, and A-6E), 


hi = hr@ 5 psia = 130.18 Btu/lbm 
Vi =Y@spsia = 0.01641 ft?/lbm 


Wor in = 4) (P, -P,) 
= (0.01641 ft°/lbm)(60— 5)psia | ——P _ 
5.404 psia - ft 
= 0.17 Btu/lbm 
hy = h + Wy in =130.18 +0.17 = 130.35 Btu/lbm 


WPllin = 43 (Py —P3) 
= (0.01738 ft? /Ibm)(500 — 60)psia a) 


5.404 psia - ft? 
= 1.42 Btu/Ibm 
h4 = h} + Wy in = 262.20+1.42 = 263.62 Btu/Ibm 


p,in 


P, = 500 psia | h; =1298.6 Btu/lbm 


T; = 600°F Ss =1.5590 Btu/lbm-R 
Sg —-Sr¢ = 
P; =60psia ) x, = 4—S¢ _ 1.5590—0.42728 _ 0.9300 
oe m 1.21697 
an he =hy + xh g =262.20+ (0.9300)(915.61) =1113.7 Btu/lbm 
S4 —-Sr¢ = 
P, =Spsia ) x, = E TT 
S fe 1.60894 
S7 © S5 y 


hy =hy +x7h g =130.18 + (0.8230)(1000.5) = 953.63 Btu/lbm 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater heater. 
Noting that Ò = W = Ake = Ape = 0, 


Èn -Èo = AÈ pind P =0 
En = Eji 
> h; = $ hehe —> tehe +h, = hgh, —> yhe +(1- y)h, =1h; 
where y is the fraction of steam extracted from the turbine (= mę / m, ). Solving for y, 


hy—hy _262.20-130.35 


Pea Tregas a 
Then, 

dia = h; — hy =1298.6 -263.62 = 1035 Btu/lbm 

Jou =(1-y)(h; —h,) = (1-0.1341)(953.63 — 130.18) = 713.0 Btu/lbm 
and my, =1—- fot -1-720 _ 9.3411 


din 1035 


When the reheater pressure is increased from 40 psia to 60 psia, the thermal efficiency increases from 0.3100 to 0.3111, 
which is an increase of 0.35%. 
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> 
10-51E The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle 
is to be determined by EES. 


Analysis The EES program used to solve this problem as well as the solutions are given below. 


P[5]=500 [psia] 
T[5]=600 [F] 
P[6]=60 [psia] 
P[7]=5 [psia] 
x[3]=0 


"Analysis" 
Fluid$='steam_iapws' 


h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
P[3]=P[6] 

P[2]=P[3] 
w_pl_in=v[1]*(P[2]-P[1])*Convert(psia-ft*3, Btu) 
h[2]=h[1]+w_pl_in 

"pump II" 

h[3]=enthalpy(Fluid$, P=P[3], x=x[3]) 
v[3]=volume(Fluid$, P=P[3], x=x[3]) 
P[4]=P[5] 
w_pll_in=v[3]*(P[4]-P[3])*Convert(psia-ft*3, Btu) 
h[4]=h[3]+w_pll_in 

"turbine" 

h[5]=enthalpy(Fluid$, P=P[5], T=T[5]) 
s[5]=entropy(Fluid$, P=P[5], T=T[5]) 
s[6]=s[5] 

h[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x[6]=quality(Fluid$, P=P[6], s=s[6]) 

s[7]=s[5] 

h[7]=enthalpy(Fluid$, P=P[7], s=s[7]) 
x[7]=quality(Fluid$, P=P[7], s=s[7]) 

"open feedwater heater" 
y*h[6]+(1-y)*h[2]=h[3] "y=m_dot_6/m_dot_3" 
g_in=h[5]-h[4] 

g_out=(1-y)*(h[7]-h[1]) 

w_net=q_in-q_out 

Eta_th=1-q_out/q_in 
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P¢ Mth 
[kPa] 
10 0.3011 Mele te en 
20 0.3065 F 
30 0.3088 0.31} 
40 0.3100 
50 0.3107 
60 0.3111 ai 
70 0.31126 F 
80 0.31129 = 0.306 + 
90 0.3112 
100 0.3111 
110 0.3109 oe 
120 0.3107 F 
130 0.3104 0.302 
140 0.3101 
150 0.3098 t , ; í 
160 0.3095 a æ æ 420. 160 2 
Lo a Bleed pressure [kPa] 
190 0.3084 
200 0.3080 
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10-52 A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net 
power output of the power plant and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis 


Boiler 


J 


Condenser 


(a) From the steam tables (Tables A-4, A-5, and A-6), 
Vi =V f@skpa = 0.001005 m°/kg 
( 3 \ 1kJ 
W plin =V] (P, -P,)= 0.001005 m /kg 200-5 kPa IkPa.m? = 0.20 kJ/kg 
= 137.75 + 0.20 = 137.95 kJ/kg 


hy =hy+Worin 


P, =0.2 MPa \" =hy@o2mpa = 504.71 kJ/kg 


sat liquid V3 =4@02MPa = 0.001061 m*/kg 


1kJ 
W pit.in = ¥3 (Py —P3) = (0.001061 m°/kg K600 -200 mf) 
= 0.42 kJ/kg oe 
h4 =h; + Wi in = 504.71 + 0.42 = 505.13 kJ/kg 


P, =0.6 MPa |" = A f@ o6 mPa = 670.38 kJ/kg 


sat.liquid V; =V @os mpa = 0.001101 m*/kg 


1kJ 
wpiin = ¥5 (Ps — Ps) = (0.001 101 m?/kg 10,000- 600 kPa) —— 
, 1kPa-m 
= 10.35 kJ/kg 
he = hs + W puttin = 670.38 + 10.35 = 680.73 kJ/kg 
P, =10 MPa | h} = 3625.8 kJ/kg 
T, =600°C_ Ís} = 6.9045 kJ/kg- K 
P, = 0.6 MPa 


hh = 2821.8 kJ/kg 
Sg = S7 


S9~S¢ _ 6.9045 -1.5302 
S fy 5.5968 
hy =h; +Xoh g = 504.71 + (0.9602\2201.6) = 2618.7 kJ/kg 


Py =0.2 MPa | X9 = = 0.9602 


Sg =S7 
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Sia ~ Sf _ 6.9045 — 0.4762 
Sfp 7.9116 


hio =hy + XM g =137.75 + (0.8119)(2423.0)= 2105.0 kJ/kg 


= 0.8119 


Po =5kPa = = 


Sig =S7 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Ò =W = Ake = Ape = 0, 


FWH-2: 


Èn SE = AÈ J0 (steady) _ 0 


Ein = Eou 


S ihih; =$ tehe —> tghg +thgh4 = msh; — yhg +(1- y)hg =1(h;) 


system 


where y is the fraction of steam extracted from the turbine (= mg / m; ). Solving for y, 


(li Tito LE e E E 


hg—hy 2821.8- 505.13 


FWH-1: 
$ ihih, =$ hehe —> thighy + thh, = thigh; —> zhy +(1- y - z)h, =(1 - y)h; 


where z is the fraction of steam extracted from the turbine (= mg / m; ) at the second stage. Solving for z, 


z= 


h, —hy (ae 504.71 -137.95 (1 0.07136)=0.1373 
hy — hy 2618.7 — 137.95 


Then, 
din = hy — he = 3625.8 — 680.73 = 2945.0 kJ/kg 
dour = (1- y- zho -h )= (1- 0.07133 — 0.1373)(2105.0 -137.75) = 1556.8 kJ/kg 
Waet = din — Gout = 2945.0 - 1556.8 = 1388.2 kJ/kg 
and 


W et = MW et = (22 kg/s\(1388.2 kJ/kg) = 30,540 kW = 30.5 MW 
(b) The thermal efficiency is 


1556.8 kJ/k 
ett ES ara 
din 2945.0 KJ/kg 
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10-53 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine, 
the work consumed by the pumps, and the heat added in the boiler are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 
hi =h f@ 20kPa = 251.42 kJ/kg 
Vi =V r@zokpa = 0.001017 m*/kg 


Wp,in = V1 (P2 -P) LKJ 
= (0.001017 m*/kg)(3000—20)kPa oh 


= 3.03 kJ/kg ee 
hy =h + Wyn = 251.42 +3.03 = 254.45 kJ/kg 


P, =3000 kPa | hy =3116.1kJ/kg Condenser 


T4 =350°C s4 = 6.7450 kJ/kg -K 


P; =1000 kPa 
hs = 2851.9 kJ/kg 
Ss =S4 
So —S = 
P, =20KPa ) x, = 29 = §.7450= 0.8320 _ 9 8357 
j S fy 7.0752 
SETA he =h; +xçh p = 251.42 + (0.8357)(2357.5) = 2221.7 KJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to the 
exit temperature of the extracted steam, which ideally leaves the 
heater as a saturated liquid at the extraction pressure. 


P, =1000kPa | A, =762.51kI/kg 
x, =0 | T, =179.9°C 
hg = h, = 762.51 kJ/kg 

P, = 3000 kPa 


hy = 763.53 kJ/kg 
T; = T, = 209.9°C 


An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine (= ms / m4 ) for closed 


feedwater heater: 
S hihi = Do hehe 
msh; +m,h, = m,h; +mh, 


Rearranging, 
hz =h, _763.53—254.45 _ 
h;—h;, 2851.9-762.51 


0.2437 


y= 
Then, 
WT ou = h4 —As +(1—y)(hs — h6) = 3116.1— 2851.9 + (1 -—0.2437)(2851.9 — 2221.7) = 740.9 kJ/kg 
Wp in = 3.03 kJ/kg 
din = hg —hz =3116.1 -763.53 = 2353 kJ/kg 


Also, Wnet = Wrou — Wpin = 740.9 -3.03 = 737.8 kJ/kg 
fars een IE Saige 
din 2353 
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EES 
10-54 Problem 10-53 is reconsidered. The optimum bleed pressure for the open feedwater heater that maximizes the 
thermal efficiency of the cycle is to be determined by EES. 


Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 
P[4]=3000 [kPa] 
T[4]=350 [C] 
P[5]=600 [kPa] 
P[6]=20 [kPa] 


P[3]=PI4] 
P[2]=P[3] 
P[7]=P[5] 
P[1]=P[6] 


"Analysis" 
Fluid$='steam_iapws' 


"pump ii 

x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w_p_in=v[1]*(P[2]-P[1]) 
h[2]=h[1]+w_p_in 


"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x[6]=quality(Fluid$, P=P[6], s=s[6]) 


"closed feedwater heater" 

x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4" 


"cycle" 

q_in=h[4]-h[3] 
w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 
w_net=w_T_out-w_p_in 
Eta_th=w_net/q_in 
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P¢ Nth 


100 0.32380 
110 0.32424 
120 0.32460 
130 0.32490 
140 0.32514 
150 0.32534 
160 0.32550 
170 0.32563 
180 0.32573 
190 0.32580 
200 0.32585 
210 0.32588 
220 0.32590 
230 0.32589 


240 0.32588 
250 0.32585 100 140 180 220 260 300 


260 0.32581 Bleed pressure [kPa] 
270 0.32576 
280 0.32570 
290 0.32563 
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10-55 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 

hy =hy@ 20xpa = 251.42 kJ/kg 


Vi =Y@20kPa = 0.001017 m*/kg 


Wp,in = 4 (P> =F) lk 
= (0.001017 m?/kg)(3000 — 20)kPa =) 


= 3.03 kJ/kg ka 
h, = h +Wpin = 251.42+3.03 = 254.45 kJ/kg 


P, =3000kPa | Ay =3116.1kJ/kg 
Condenser 


T, =350°C s4 = 6.7450 kJ/kg- K 


P; =1000 kPa E 
hs, = 2851.9 kJ/kg 
S55 = S4 
56s TS -7450 -0.832 
P, =20kPa ) xę = és Sf _6 aS 0 aa 
Ses = S4 S fg 7. 
' hes =hy +X6esh pg = 251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 
h4 -h 
1T a i >h; = h4 -r (h4 —hs,) =3116.1—(0.90)(3116.1— 2851.9) = 2878.3 kJ/kg 
4 ~ "5s 
h4 -h 
me F >h = h4 -Nr (hg — hes) = 3116.1—(0.90)(3116.1— 2221.7) = 2311.1 kJ/kg 
47 "6s 


For an ideal closed feedwater heater, the feedwater is heated to 
the exit temperature of the extracted steam, which ideally leaves 
the heater as a saturated liquid at the extraction pressure. 


P, =1000kPa | h, =762.51 kJ/kg 
x, =0 | T, =179.9°C 
P, = 3000 kPa 
Ty= Ty = 209.9°C 
An energy balance on the heat exchanger gives the fraction of 
steam extracted from the turbine (=m, / m4 ) for closed 


| hy = 763.53 kJ/kg 


feedwater heater: 
S ih = Doh, 
msh; +mh, = mh; + mhz 
yh; +1h, =1h; + yh7 
Rearranging, 
_h}—=h, _ 763.53—254.45 
P= isch, :2878.3—762.51 


= 0.2406 


Then, 
WT out = h4 —hs +(1- y)(hs — he) = 3116.1 — 2878.3 + (1 — 0.2406)(2878.3 — 2311.1) = 668.5 kJ/kg 


Wp in = 3.03 kJ/kg 
qin = Mg -h3 = 3116.1— 763.53 = 2353 kJ/kg 
Also, — Wnet = WT,out ~ Wp,in = 668.5 —3.03 = 665.5 kJ/kg 


es 665.5 _ 0.2829 = 28.3% 


din 2353 
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10-56 A regenerative Rankine cycle with a closed feedwater heater is considered. The thermal efficiency is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the steam tables (Tables A-4, A-5, and A-6 or EES), 


Boiler 


Closed 


When the liquid enters the pump 10°C cooler than a saturated liquid at the condenser pressure, the enthalpies become 


P, =20kPa hy = hyp @sorc = 209.34 kJ/kg 
T, =T sa @20kPa ~ 10 = 60.06-10 = 50°C | vi =V @soc = 0.001012 m*/kg 


Wp,in = v (P ae) 


lk 
= (0.001012 m3/kg)(3000 —20)kPa =) 
=3.02 kJ/kg ween 


hy = hy + Wp in = 209.34 43.02 = 212.36 kJ/kg 


P, =3000kPa | hy =3116.1 kJ/kg 
T, = 350°C s4 =6.7450 kJ/kg- K 


P, =1000kP 
5 i | hs, = 2851.9 kJ/kg 


S5s =S4 
So, —S = 
P, =20kPa ) xe =< SSS = 0.8357 
Sós =S4 “ke 
hgs =h p +X 65M g = 251.42 + (0.8357)(2357.5) = 2221.7 kJ/kg 

hy-h 

1y Sa = h4 — Nr (hy — hss) =3116.1—(0.90)(3116.1— 2851.9) = 2878.3 kJ/kg 
47 "5s 
hy-h 

1r =o mR = h4 -nr (hg — hes) = 3116.1-(0.90)(3116.1- 2221.7) = 2311.1 kJ/kg 
4 ~ "6s 


For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally 
leaves the heater as a saturated liquid at the extraction pressure. 


P, =1000kPa | h, =762.51kJ/kg 
x, =0 T, =179.9°C 
P, =3000kPa 


hy = 763.53 kJ/kg 
T; =T; =209.9°C 
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An energy balance on the heat exchanger gives the fraction of steam extracted from the turbine (=m, /m,) for closed 
feedwater heater: 


S rh, = Doh, 
msh,+m,h, = m,h, + m-h- 
yh; +1h, =1h; + yh; 
Rearranging, 


E E EE 
hg —hy 28783-76251 


= 0.2605 


Then, 


Wrout = h4 — As +(1- y)(hs — he) = 3116.1 — 2878.3 + (1 —0.2605)(2878.3 — 2311.1) = 657.2 kJ/kg 
Wp in = 3.03 kJ/kg 
din = h4 —h3 =3116.1— 763.53 = 2353 kJ/kg 
Also, 
Waet = rout ~ WP,in = 057.2 — 3.03 = 654.2 kJ/kg 


Waet 654.2 
Tih = —— = 9353 


= 0.2781 
qin 3 
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EES 
10-57 The effect of pressure drop and non-isentropic turbine on the rate of heat input is to be determined for a given 
power plant. 


Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P[3]=3000 [kPa] 
DELTAP_boiler=10 [kPa] 
P[4]=P[3]-DELTAP_ boiler 
T[4]=350 [C] 

P[5]=1000 [kPa] 

P[6]=20 [kPa] 
eta_T=0.90 


P[2]=P[3] 
P[7]=P[5] 
P[1]=P[6] 


"Analysis" 

Fluid$='steam_iapws' 

"(a)" 

"pump |" 

x[1]=0 

h[1]=enthalpy(Fluid$, P=P[1], x=x[1]) 
v[1]=volume(Fluid$, P=P[1], x=x[1]) 
w_p_in=v[1]*(P[2]-P[1]) 
h[2]=h[1]+w_p_in 

"turbine" 

h[4]=enthalpy(Fluid$, P=P[4], T=T[4]) 
s[4]=entropy(Fluid$, P=P[4], T=T[4]) 
s[5]=s[4] 

h_s[5]=enthalpy(Fluid$, P=P[5], s=s[5]) 
T[5]=temperature(Fluid$, P=P[5], s=s[5]) 
x_s[5]=quality(Fluid$, P=P[5], s=s[5]) 
s[6]=s[4] 

h_s[6]=enthalpy(Fluid$, P=P[6], s=s[6]) 
x_s[6]=quality(Fluid$, P=P[6], s=s[6]) 


h[5]=h[4]-eta_T*(h[4]-h_s|[5]) 
h[6]=h[4]-eta_T*(h[4]-h_s[6]) 

x[5]=quality(Fluid$, P=P[5], h=h[5]) 
x[6]=quality(Fluid$, P=P[6], h=h[6]) 


"closed feedwater heater" 

x[7]=0 

h[7]=enthalpy(Fluid$, P=P[7], x=x[7]) 
T[7]=temperature(Fluid$, P=P[7], x=x[7]) 
T[3]=T[7] 

h[3]=enthalpy(Fluid$, P=P[3], T=T[3]) 
y=(h[3]-h[2])/(h[5]-h[7]) "y=m_dot_5/m_dot_4" 


"cycle" 

q_in=h[4]-h[3] 
w_T_out=h[4]-h[5]+(1-y)*(h[5]-h[6]) 
w_net=w_T_out-w_p_in 
Eta_th=w_net/q_in 
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Solution with 10 kPa pressure drop in the boiler: 


DELTAP boiler=10 [kPa] eta T=0.9 
Eta_th=0.2827 Fluid$='steam_iapws' 
P[3]=3000 [kPa] P[4]=2990 [kPa] 
q_in=2352.8 [kJ/kg] w_net=665.1 [kJ/kg] 
w_p_in=3.031 [m‘%3-kPa/kg] w_T_out=668.1 [kJ/kg] 
y=0.2405 


Solution without any pressure drop in the boiler: 


DELTAP _boiler=0 [kPa] eta_T=1 
Eta_th=0.3136 Fluid$='steam_iapws' 
P[3]=3000 [kPa] P[4]=3000 [kPa] 
q_in=2352.5 [kJ/kg] w_net=737.8 [kJ/kg] 
w_p_in=3.031 [m‘3-kPa/kg] w_T_out=740.9 [kJ/kg] 
y=0.2437 
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10-58 D A steam power plant operates on an ideal regenerative Rankine cycle with two feedwater heaters, one closed 
and one open. The mass flow rate of steam through the boiler for a net power output of 400 MW and the thermal efficiency 
of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic 
and potential energy changes are negligible. 


Analysis (a) From the steam tables (Tables A-4, A-5, and 
A-6), 


hy =hy@ 10 kpa =191.81 KJ/kg 
vi = Vr@ 10 kPa =0.00101 m°/kg 


Condenser 


Worn = ¥i(P2 -A ) 
= (0.00101 m3/kg (600-10 wra| | 


1kPa-m 
=0.60 kJ/kg 
h, = h + W prin = 191.81 + 0.60 = 192.40 kJ/kg 


P, = 0.6 MPa | %3 =h f@ 03 MPa = 670.38 KJ/kg 
sat. liquid j v3 =V s@ 03 mpa =0.001101 m*/kg 


W pilin = Y3 (P, mes 


= (0.001101 m*/kg (10000 — 600 eral te) 


a:m 
=10.35 kJ/kg 


hy=h,+w = 670.38 + 10.35 = 680.73 kJ/kg 


pll,in 


P, =1.2 MPa |" =h; =Npaio mpa = 798.33 kJ/kg 


sat. liquid | T6 = Tara 12 mPa =188.0°C 
T; =T;, Ps =10 MPa — h; =798.33 kJ/kg 


P, =10 MPa n =3625.8 kJ/kg 


Tg =600°C | sg = 6.9045 kJ/kg : K 
P, =1.2 MPa 
hy = 2974.5 kJ/kg 

So = Sg 

Po =0.6 MPa 

hio = 2820.9 kJ/kg 
Sig = Sg 
Sip —S¢ 6.9045 — 0.6492 
P, =10kPa |= —= = 0.8341 
i P a 7.4996 
S11 = 5S8 


h =A; + xA =191.81 + (0.83412392.1)= 2187.0 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Ò = W = Ake = Ape = 0, 


Èn -Èu = AÈ D0 (steady) _ 0 


Ein z Eoi 


S nh; = $ ehe —> tho (hy = hg) = rùs (hs h4) > (h — hg )= (hs - ha) 


where y is the fraction of steam extracted from the turbine (= mo / ms). Solving for y, 


system 


hs —hg _ 798.33 — 680.73 
ho -hę 2974.5 — 798.33 


= 0.05404 
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For the open FWH, 
; : : £0 (stead: 
Ein z E out = AE system gans 0 
E in 7 E out 


where z is the fraction of steam extracted from the turbine (= mg / m; ) at the second stage. Solving for z, 


(hs -ha )- y(hy - A2) _ 670.38 - 192.40 - (0.05404)(798.33 - 192.40) 


= =0.1694 
ho — hy 2820.9 — 192.40 
Then, 
din = hg — hs = 3625.8 — 798.33 = 2827 kJ/kg 
dour =(1- y — z Ahı — h )= (1 — 0.05404 — 0.1694)\(2187.0 —191.81)=1549 kJ/kg 
Waet = Vin — dout = 2827 — 1549 =1278 kJ/kg 
and 


_ Woe _ 400,000 KS _ 343 0 Kgs 
1278 kJ/kg 


Wnet 


(b) EE dog ee KIKS _ 9.452 = 45.2% 
din 2827 kJ/kg 
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> 
10-59 Problem 10-58 is reconsidered. The effects of turbine and pump efficiencies on the mass flow rate and 
thermal efficiency are to be investigated. Also, the 7-s diagram is to be plotted. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[8] = 10000 [kPa] 

T[8] = 600 [C] 

P[9] = 1200 [kPa] 

P_cfwh=600 [kPa] 

P[10] = P_cfwh 

P_cond=10 [kPa] 

P[11] = P_cond 

W_dot_net=400 [MW]*Convert(MW, kW) 

Eta_turb= 100/100 "Turbine isentropic efficiency” 

Eta_turb_hp = Eta_turb "Turbine isentropic efficiency for high pressure stages" 
Eta_turb_ip = Eta_turb "Turbine isentropic efficiency for intermediate pressure stages" 
Eta_turb_lp = Eta_turb "Turbine isentropic efficiency for low pressure stages" 
Eta_pump = 100/100 "Pump isentropic efficiency" 


"Condenser exit pump or Pump 1 analysis" 
Fluid$='Steam_IAPWS' 

P[1] = P[11] 

P[2]=P[10] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Sat'd liquid} 
vi=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$, P=P[1],x=0) 
T[1]=temperature(Fluid$,P=P[1],x=0) 
w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
Ww_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"Open Feedwater Heater analysis" 

z*h[10] + y*h[7] + (1-y-z)*h[2] = 1*h[3] "“Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$, P=P[3],x=0) 


"Boiler condensate pump or Pump 2 analysis" 

P[5]=P[8] 

P[4] = P[5] 

P[3]=P[10] 

v3=volume(Fluid$,P=P[3],x=0) 

Ww_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume’ 
Ww_pump2=w_pump2_s/Eta_pump “Definition of pump efficiency” 

h[3]+w_pump2= h[4] "Steady-flow conservation of energy” 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 


"Closed Feedwater Heater analysis" 

P[6]=P[9] 

y*h[9] + 1*h[4] = 1*h[5] + y*h[6] "Steady-flow conservation of energy" 
h[5]=enthalpy(Fluid$,P=P[6],x=0) "h[5] = h(T[5], P[5]) where T[5]=Tsat at P[9]" 
T[5]=temperature(Fluid$,P=P[5],h=h[5]) “Condensate leaves heater as sat. liquid at P[6]" 
s[5]=entropy(Fluid$,P=P[6],h=h[5]) 

h[6]=enthalpy(Fluid$,P=P[6],x=0) 

T[6]=temperature(Fluid$,P=P[6],x=0) "Condensate leaves heater as sat. liquid at P[6]" 
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s[6]=entropy(Fluid$,P=P[6],x=0) 


"Trap analysis" 

P[7] = P[10] 

y*h[6] = y*h[7] "Steady-flow conservation of energy for the trap operating as a throttle" 
T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 


"Boiler analysis" 

g_in + h[5]=h[8]"SSSF conservation of energy for the Boiler" 
h[8]=enthalpy(Fluid$, T=T[8], P=P[8]) 

s[8]=entropy(Fluid$, T=T[8], P=P[8]) 


"Turbine analysis" 

ss[9]=s[8] 

hs[9]=enthalpy(Fluid$,s=ss[9],P=P[9]) 

Ts[9]=temperature(Fluid$,s=ss[9],P=P[9]) 

h[9]=h[8]-Eta_turb_hp*(h[8]-hs[9])"Definition of turbine efficiency for high pressure stages" 
T[9]=temperature(Fluid$,P=P[9],h=h[9]) 

s[9]=entropy(Fluid$,P=P[9],h=h[9]) 

ss[10]=s[8] 

hs[10]=enthalpy(Fluid$,s=ss[10],P=P[10]) 

Ts[10]=temperature(Fluid$,s=ss[10],P=P[10]) 

h[10]=h[9]-Eta_turb_ip*(h[9]-hs[10])"Definition of turbine efficiency for Intermediate pressure stages" 
T[10]=temperature(Fluid$,P=P[10],h=h[10)) 

s[10]=entropy(Fluid$,P=P[10],h=h[10]) 

ss[11]=s[8] 

hs[11]=enthalpy(Fluid$,s=ss[11],P=P[11]) 

Ts[11]=temperature(Fluid$,s=ss[11],P=P[11]) 
h[11]=h[10]-Eta_turb_Ip*(h[10]-hs[11])"Definition of turbine efficiency for low pressure stages" 
T[11]=temperature(Fluid$,P=P[11],h=h[11)) 

s[11]=entropy(Fluid$,P=P[11],h=h[11)) 

h[8] =y*h[9] + z*h[10] + (1-y-z)*h[11] + w_turb "SSSF conservation of energy for turbine" 


"Condenser analysis" 
(1-y-z)*h[11]=q_out+(1-y-z)*h[1]"SSSF First Law for the Condenser" 


"Cycle Statistics" 

w_net=w_turb - ((1-y-z)*w_pump1+ w_pump2) 
Eta_th=w_net/q_in 

W_dot_net = m_dot * w_net 


Nturb Nth m [kg/s] 
0.7 0.3834 369 
0.75 0.397 356.3 
0.8 0.4096 345.4 
0.85 0.4212 335.8 
0.9 0.4321 327.4 
0.95 0.4423 319.8 
1 0.452 313 
Npump Nth m [kg/s] 
0.7 0.4509 313.8 
0.75 0.4511 313.6 
0.8 0.4513 313.4 
0.85 0.4515 313.3 
0.9 0.4517 313.2 
0.95 0.4519 313.1 
1 0.452 313 
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Pctwn [kPa] y Zz 
100 0.1702 0.05289 
200 0.1301 0.09634 
300 0.1041 0.1226 
400 0.08421 0.1418 
500 0.06794 0.1569 
600 0.05404 0.1694 
700 0.04182 0.1801 
800 0.03088 0.1895 
900 0.02094 0.1979 
1000 0.01179 0.2054 

700 —-—+—+ oa _Steamiapws 


10 kPa: 
0 n L n 1 n L n 1 n i n L n i n n L n 
0.0 11 22 33 44 55 66 77 88 99 11.0 


s [kJ/kg-K] 


Nth 
5 
PS 
N 


0.38 , , , , , , 
0.7 0.75 0.8 0.85 0.9 0.95 1 


Nturb 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-56 


370 


360 


350 


340 


m [kg/s] 


330 


320 


310 , , , , , , 
0.7 0.75 0.8 0.85 0.9 0.95 1 


Nth 


Pofwh [kPa] 
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10-60 A steam power plant that operates on an ideal regenerative Rankine cycle with a closed feedwater heater is 
considered. The temperature of the steam at the inlet of the closed feedwater heater, the mass flow rate of the steam 
extracted from the turbine for the closed feedwater heater, the net power output, and the thermal efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


hy =hp@ 20 kpa = 251.42 kJ/kg 
, High-P 


vi = Vra 20 kPa 7 0.001017 mĉ?/kg turbine 


Wpl,in = ,(P, -P )/n, 


1 
= (0.001017 m?/kg)(8000 — 20 kPa) ag 
=9.22 kJ/kg l ? 
hy =h + Wor in 9 


= 251.42 + 9.223 
= 260.65 kJ/kg 


P, =] MPa t = hr@ 1 MPa ~” 762.51 kJ/kg 


sat. liquid J v3 =V ¢@1 mpa = 0.001127 m*/kg 


W pilin 7 v3(Py —P; Vn, 
=(0.001127 m°/kg)(8000 —1000 kPa)/0.88 
=8.97 kJ/kg 


hy, = hy + Wyn = 762.51 + 8.97 = 771.48 kJ/kg 


pll in 


Also, h4 = hio = hy, = 771.48 kJ/kg since the two fluid streams which are being mixed have the same enthalpy. 


P, =8 MPa | h; =3399.5 kJ/kg 
Ts =500°C Ís; =6.7266 kJ/kg -K 


P, =3 MPa 
hg, =3104.7 kJ/kg 
S6 = 85 
he —h 
eer a > he =hs -nr (hs — Nos ) 
5 "6s 


= 3399.5 —(0.88)(3399.5 — 3104.7) =3140.1 kJ/kg 


P, =3 MPa i = 3457.2 kJ/kg 


T, = 500°C |s} =7.2359 kJ/kg -K 
P, =1 MPa 
hg, =3117.1 kJ/kg 

Sg =S7 

h, -h 
ITEE a5 —> hg = hy -nr (h hss) 

Loe = 3457.2 — (0.88)(3457.2 — 3117.1)=3157.9 kJ/kg 
P, =1 MPa 


T; =349.9°C 
hg =3157.9 kJ/kg 
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P, =20kPa 
hg, = 2385.2 kJ/kg 
S9 =S7 
h -h 
oe 7 > hg = hy -nr (hy — hos ) 
7 — Ao 


z =3457.2 — (0.88)(3457.2 — 2385.2)= 2513.9 kJ/kg 


The fraction of steam extracted from the low pressure turbine for closed feedwater heater is determined from the steady- 
flow energy balance equation applied to the feedwater heater. Noting that Q = W = Ake = Ape = 0, 


(1 y Kho h )= y(hg h) 
(1 — y)(771.48 — 260.65) = y(3157.9 — 762.51) ——> y = 0.1758 


The corresponding mass flow rate is 
Mg = ym; =(0.1758)(15 kg/s) = 2.637 kg/s 
(c) Then, 


din =hs — h4 + hy — hg =3399.5 — 771.48 + 3457.2 — 3140.1 = 2945.2 kJ/kg 
ou = (1— yho — h )= (1 - 0.1758\(2513.9 — 251.42) = 1864.8 kJ/kg 


and 


Woot = (in — Vout) = (15 kg/s)(2945.8 — 1864.8)kJ/kg = 16,206 kW 
(b) The thermal efficiency is determined from 


dout 1864.8 kJ/kg _ 9) 3668 = 36.7% 
oe 2945.8 kJ/kg 


Mn =1 
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10-61 A Rankine steam cycle modified with two closed feedwater heaters is considered. The 7-s diagram for the ideal cycle 
is to be sketched. The fraction of mass extracted for the closed feedwater heater z and the cooling water flow rate are to be 
determined. Also, the net power output and the thermal efficiency of the plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (b) Using the data from the problem statement, the enthalpies at various states are 


Vi =V; @20 kPa = 9.00102 m*/kg nies 


n =(P -P 
Won in A 2 ) ; | lk ) 
=|0.00102 m /kg {5000 -20 kPa } ————— 


1kPa-m? 
=5.1 kJ/kg 


hy =h, + Wiin = 2514 5.1= 256.1 kJ/kg 245 kPa 


pLin 
Also, 

h; =h; =A f @245 kpa = 533 kJ/kg 

h =h; (throttle valve operation) 

h4 = ho = Af @1400 KPa = 830 kJ/kg 

hio =h (throttle valve operation) 


20 kPa 


An energy balance on the closed feedwater heater gives 
lh, + zh; + yho =1h, + (y + z)h; 
where z is the fraction of steam extracted from the low-pressure turbine. Solving for z, 
_ (h; =h) + Wy — o) _ (533 — 256.1) + (0.1153)(533 — 830) 
h; — h; 2918 — 533 


(c) An energy balance on the condenser gives 


=0.1017 


Mehg +m„h + mph =m h +m,,h,, 
My (Ayo — Ayo) = Mghg + mh — mh, 
Solving for the mass flow rate of cooling water, and substituting with correct units, 
_tits[ -y - Dhs + W + Dg - 1h] 
- C yAT,, 
= ofa — 0.1153 — 0.1017)(2477) + (0.1153 + 0.1017)(533) —1(25 D] 
(4.18)(10) 


= 2158 kg/s 
(d) The work output from the turbines is 
WT out = Ms — yhe — zh, —(1— y— z)hg 
= 3900 — (0.1153)(3406) — (0.1017)(2918) — (1 — 0.1153 — 0.1017)(2477) 
=1271 kJ/kg 


The net work output from the cycle is 


Wnet = Wz out — WP,in 
=1271—5.1=1265.9 kJ/kg 


The net power output is 


Waet = MWe = (50 kg/s)(1265.9 kJ/kg) = 63,300 kW = 63.3 MW 
The rate of heat input in the boiler is 

O,, = nhs — h4) = (50 kg/s)(3900 — 830) kJ/kg = 153,500 kW 
The thermal efficiency is then 
Wie 63,300 kW 
O,, 153,500 kW 


Nin = =0.412 = 41.2% 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-60 


Second-Law Analysis of Vapor Power Cycles 


10-62C In the simple ideal Rankine cycle, irreversibilities occur during heat addition and heat rejection processes in the 
boiler and the condenser, respectively, and both are due to temperature difference. Therefore, the irreversibilities can be 
decreased and thus the 2™ law efficiency can be increased by minimizing the temperature differences during heat transfer in 
the boiler and the condenser. One way of doing that is regeneration. 


10-63E The exergy destructions associated with each of the processes of the Rankine cycle described in Prob. 10-17E are to 
be determined for the specified source and sink temperatures. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Problem 10-17E, 
S1 = S2 =S ¢@3psia = 9.2009 Btu/Ibm-R 
S3 = S4 =1.6413 Btu/lbm-R 
din =h; — hy = 1456.0 -111.81 =1344.2 Btu/lbm 
Aout = h4 — hy =975.24 — 109.40 = 865.8 Btu/lbm 


The exergy destruction during a process of a stream from an inlet 
state to exit state is given by 


Xdest = ToS gen =n. Sj a t ) 


source sink 


Application of this equation for each process of the cycle gives 


1344.2 Btu/lbm 
1960 R 


865.8 Btu/lbm 
OOR 


) = 377 Btullbm 


E Th [s -s, sa - (500 Ry[Loan3 — 0.2009 — 


source 


Xestroyed,41 = nfs -s4 + a = (500 Ry 0.2009 ~1.6413 + =146 Btullbm 
sink 
Processes 1-2 and 3-4 are isentropic, and thus 


x destroyed,12 = 0 


X destroyed, 34 =0 
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10-64 The exergy destruction associated with the heat rejection process in Prob. 10-21 is to be determined for the specified 
source and sink temperatures. The exergy of the steam at the boiler exit is also to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Problem 10-21, 
S1 =S2 =S @ioxpa = 9-6492 kJ/kg: K 
S3 = 5S4 = 6.8000 kJ/kg-K 
h, =3411.4 kJ/kg 
dout = 1961.8 kJ/kg 


The exergy destruction associated with the heat rejection process is 


ARAL 


= 178.0 kJ/kg 


= (290 Kf 0.6492 -6.8000 + ae 


X destroyed 41 = To fs Sqr 
R 


The exergy of the steam at the boiler exit is simply the flow exergy, 


y” 
v0 
Y = (h hy) Ty(s so)+ + qZ3 
= (h -h )- Dls = $9) 

where 

hy = ha(200 x, 100 kPa) = Af @ 200K = 71-95 kJ/kg 

So = S@(290 K,100 kPa) = Sp @ 290 K = 9.2533 kJ/kg -K 
Thus, 


y; = (3411.4-71.95) kJ/kg — (290 K)(6.800 — 0.2532) kJ/kg -K = 1440.9 kJ/kg 
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10-65 The component of the ideal reheat Rankine cycle described in Prob. 10-33 with the largest exergy destruction is to be 
identified. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Prob. 10-33, 
S1 =S2 =S f@i0okpa = 0-6492 kJ/kg: K 
S3 = S4 = 6.5579 kJ/kg: K 
Ss = S6 = 8.0893 kI/kg-K 
qin,2-3 = h3 — hy =3273.3 -199.88 = 3073.4 kJ/kg 
Gin, 4-5 = hs — h4 = 3485.4 — 2636.4 = 848.1 kJ/kg 
dout = 2373.1 kJ/kg 


The exergy destruction during a process of a stream from an 
inlet state to exit state is given by 


din J out 
Xdest = ToS gen “am ns Sj T + 


source T, sink 
Application of this equation for each process of the cycle gives 


3073.4 kJ/kg 
883K 


= 687.1kJ/kg 


temas “Ti s3 dns ass(6s57 0.6492 


source 


in, 4- 48.1 kJ/k 
EE g Si. l = (283 Ko[ 0893 -6.5579 e = 161.6 kJ/kg 
2373.1 kJ/k 
Sadas nfs Shed fou = (283 (0.642 -8.0893 + T kke) = 267.6 kJIkg 
sink 


Processes 1-2, 3-4, and 5-6 are isentropic, and thus, 
X destroyed, 12 =0 
X destroyed,34 = 0 
X destroyed, 56 =0 


The greatest exergy destruction occurs during heat addition process 2-3. 
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10-66 The exergy destructions associated with each of the processes of the reheat Rankine cycle described in Prob. 10-35 


are to be determined for the specified source and sink temperatures. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From Problem 10-35, 
S1 =S_ =S f@20kPa = 9.8320 kJ/kg -K 
S3 =S4 =6.5432 kJ/kg- K 
S5 =S6 = 7.1292 kJ/kg: K 
q23,in =3178.3 — 257.50 = 2920.8 kJ/kg 
45,in = 3248.4 — 2901.0 = 347.3 kJ/kg 
Gout = h6 — My = 2349.7 — 251.42 = 2098.3 kJ/kg 


Processes 1-2, 3-4, and 5-6 are isentropic. Thus, i12 = i34 =is6=0. Also, 


— 2920.8 kI/k: 
ee nfs —sy+ “ee = (295 K [6.5432 — 0.8320 + — = 2) =1110 kJ/kg 
R 
-347.3 kJ/kg 


=104.6 kJ/kg 
1500 K 


2098.3 ke) 


Kees nfs -s4 + Ee }- (295 Kf? 1292 — 6.5432 + 
R 


= 240.6 kJ/kg 


X destroyed,61 = nfs =S + i | = (295 K (08320 — 7.1292 + 
R 
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10-64 


a> 
10-67 Problem 10-66 is reconsidered. The problem is to be solved by the diagram window data entry feature of EES 
by including the effects of the turbine and pump efficiencies. Also, the 7-s diagram is to be plotted. 


Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 
if (x6>1) then x6$='(Superheated)' 
if (x6<0) then x6$='(subcooled)' 
end 
"Input Data - from diagram window" 
{P[6] = 20 [kPa] 
P[3] = 6000 [kPa] 
T[3] = 400 [C] 
P[4] = 2000 [kPa] 
T[5] = 400 [C] 
Eta_t = 100/100 "Turbine isentropic efficiency" 
Eta_p = 100/100 "Pump isentropic efficiency"} 
"Data for the irreversibility calculations:" 
T_o = 295 [k] 
T_R_L = 295 [k] 
T_R_H = 1500 [k] 
“Pump analysis" 
Fluid$='Steam_IAPWS' 
P[1] = P[6] 
P[2]=P[3] 
x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1J=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 
T[1]=temperature(Fluid$,P=P[1],x=x[1]) 
W_p_s=v[1]}*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 
h[2]=h[1]+W_p "SSSF First Law for the pump" 
v[2]=volume(Fluid$,P=P[2],h=h[2]) 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 
"High Pressure Turbine analysis" 
h[3]=enthalpy(Fluid$, T=T[3],P=P[3]) 
s[3]=entropy(Fluid$, T=T[3],P=P[3]) 
v[3]=volume(Fluid$, T=T[3], P=P[3]) 
s_s[4]=s[3] 
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$, T=T[4],P=P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 
h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 
"Low Pressure Turbine analysis" 
P[S]=P[4] 
s[5]=entropy(Fluid$, T=T[5],P=P[5]) 
h[5]=enthalpy(Fluid$, T=T[5],P=P[5]) 
s_s[6]=s[5] 
hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 
vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_lp+h[6]"SSSF First Law for the low pressure turbine" 
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x[6]=QUALITY (Fluid$,h=h[6],P=P[6]) 

"Boiler analysis" 

Q_in + h[2]+h[4]=h[3]+h[5]"SSSF First Law for the Boiler" 
"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 

x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_net=W_t_hp+W_t_lp-W_p 

Eff=W_net/Q_in 

"The irreversibilities (or exergy destruction) for each of the processes are:" 


g_R_23 = - (h[3] - h[2]) "Heat transfer for the high temperature reservoir to process 2-3" 


i 23 = T_o*(s[3] -s[2] + q_R_23/T_R_H) 


g_R_45 = - (h[5] - h[4]) "Heat transfer for the high temperature reservoir to process 4-5" 


i_45 = T_o*(s[5] -s[4] + q_R_45/T_R_H) 

q_R_61 = (h[6] - h[1]) "Heat transfer to the low temperature reservoir in process 6-1" 
i_ 61 = T_o*(s[1] -s[6] + g_R_61/T_R_L) 

i_ 34 = T_o*(s[4] -s[3]) 

i_56 = T_o*(s[6] -s[5]) 

i_ 12 = T_o*(s[2] -s[1]) 


700 Steamiapws 


| Ideal Rankine cycle with reheat 


1 1 Í 1 1 | 1 1 1 
00 10 20 30 40 50 60 7.0 80 90 10.0 


s [kJ/kg-K] 
SOLUTION 
Eff=0.358 Eta_p=1 
Eta_t=1 Fluid$='Steam_IAPWS' 
i_12=0.007 [kJ/kg] i_23=1110.378 [kJ/kg] 
i_34=-0.000 [kJ/kg] i_45=104.554 [kJ/kg] 
i_56=0.000 [kJ/kg] i_61=240.601 [kJ/kg] 
Q_in=3268 [kJ/kg] Q_out=2098 [kJ/kg] 
q_R_23=-2921 [kJ/kg] q_R_45=-347.3 [kJ/kg] 
g_R_61=2098 [kJ/kg] T_o=295 [K] 
T_R_H=1500 [K] T_R_L=295 [K] 
W_net=1170 [kJ/kg] W_p=6.083 [kJ/kg] 
W_p_s=6.083 [kJ/kg] W_t_hp=277.2 [kJ/kg] 
W_t_lp=898.7 [kJ/kg] 


10-65 
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10-66 


10-68E The component of the ideal regenerative Rankine cycle described in Prob. 10-49E with the largest exergy 
destruction is to be identified. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Prob. 10-49E, 

S1 =S2 =S ¢ @5psia = 9.23488 Btu/lbm- R 

S3 =S4 =S f@40psia = 9.39213 Btu/lbm- R 

Ss =S6 = S7 =1.5590 Btu/Ibm-R 

qin = hs — h4 = 1298.6 — 237.6 = 1061 kJ/kg 
dout = 732.1 Btu/lbm 
y=0.1109 


The exergy destruction during a process of a stream from an 
inlet state to exit state is given by 


din out 
Xdest = ToS gen E ns Sj T + 


source T, sink 


Application of this equation for each process of the cycle gives 


1061 Btu/l 
TE ę -s, | = (520 R{1.5590 ~ 0.39213 ae = 168.9 Btullbm 
source 
2.1Btu/l 
Xaestroyed,71 = ns eee dar ) = (520 Ry( 023488 -1.5590 + ae = 43.6 Btullbm 
sink 


For open feedwater heater, we have 


X destroyed, FWH =T) [s YS6 a y)sa] 
= (520 R)[0.39213 — (0.1109)(1.5590) — (1 — 0. 1 109)(0.23488)] 
=5.4Btu/lbm 


Processes 1-2, 3-4, 5-6, and 6-7 are isentropic, and thus 
X destroyed, 12 =0 X destroyed, 56 =0 
X destroyed, 34 =0 X destroyed, 67 =0 


The greatest exergy destruction occurs during heat addition process 4-5. 
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10-69 A single-flash geothermal power plant uses hot geothermal water at 230°C as the heat source. The power output from 
the turbine, the thermal efficiency of the plant, the exergy of the geothermal liquid at the exit of the flash chamber, and the 
exergy destructions and exergy efficiencies for the flash chamber, the turbine, and the entire plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) We use properties of water for geothermal water (Tables A-4, A-5, and A-6) 

T, = 230°C | A = 990.14 kJ/kg 
x, =0 sı = 2.6100 kJ/kg. K 


P, =500 kPa x, = 0.1661 
hy =h, =990.14 kJ/kg] s, = 2.6841 kI/kg.K 


steam 
i ; turbine 
Ma NaM separator 4 
= (0.1661)(230 kg/s) 


=38.19 kg/s 2 


condenser 


P, = 500 kPa ) h, = 2748.1 kJ/kg 
x3 =1 s, = 6.8207 kI/kg-K 


chamber 


P, =10kPa jis = 2464.3 kJ/kg 


x4 =0.95 S4 = 7.77139 kJ/kg- K 

1 reinjection 
P; = 500 kPa | he = 640.09 kJ/kg production well 
x6 =0 s6 =1.8604 kJ/kg -K wE 


ms =m, —-m, = 230 -38.19 = 191.81 kg/s 
The power output from the turbine is 

Wr =m, (h, — h4) = (88.19 kJ/kg)(2748.1—2464.3)kJ/kg = 10,842 kW 
We use saturated liquid state at the standard temperature for dead state properties 


T = o ho =104.83 kJ/kg 


x =0 | so=0.3672 kJ/kg 


Ej, = ri, (h — họ) = (230 kI/kg)(990.14 —104.83)kJ/kg = 203,622 kW 


W. 
gk te EY 29 0537-5 306 
E,, 203,622 


in 


(b) The specific exergies at various states are 


W, = h, — ho -Tg (5, - s9) = (990.14 — 104.83)kI/kg — (298 K)(2.6100 — 0.3672)kJ/kg.K = 216.53 kJ/kg 


Wo = h, ho -T (83-89) = (990.14 — 104.83) kI/kg — (298 K)(2.684 1 — 0.3672)kI/kg.K = 194.44 kJ/kg 


W, =h; -ho —Ty(83 — so) = (2748.1— 104.83) kJ/kg — (298 K)(6.8207 — 0.3672)kJ/kg.K = 719.10 kJ/kg 


Wa = h4 — ho -T (S4 - So) = (2464.3 - 104.83) kJ/kg — (298 K)(7.7739 — 0.3672)kI/kg.K = 151.05 kJ/kg 


We = he — ho -T (S6 - so) = (640.09 — 104.83)kJ/kg — (298 K)(1.8604 — 0.3672)kI/kg.K = 89.97 kJ/kg 


The exergy of geothermal water at state 6 is 


X¢ = itgW¢ = (191.81 kg/s)(89.97 kJ/kg) = 17,257 kW 
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10-68 
(c) Flash chamber: 
Kasse rc = (VW, —W>) = (230 kg/s)(216.53 —-194.44)kJ/kg = 5080 kw 


Wa _ 194.44 
v, 216.53 


= 0.898 = 89.8% 


ILFC = 


(d) Turbine: 


X gest = 13 (W3 -W4)- Wr = (38.19 kg/s)(719.10 -151.05)kI/kg - 10,842 kW = 10,854 kW 


Wr 10,842 kW 


= —— = 9.500 = 50.0% 
m3(W3-W4) (38.19 kg/s)(719.10—151.05)kJ/kg 


MT = 


(e) Plant: 


Xin ptant = 7V1 = (230 kg/s)(216.53 kJ/kg) = 49,802 kW 


X jarat K W,, = 49,802 -10,842 = 38,960 kW 


in,Plant 


Wr 10,842 kW 
49,802 kW 


=0.2177 = 21.8% 


71,Plant = > 
X 


in,Plant 
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10-69 


Cogeneration 


10-70C The utilization factor of a cogeneration plant is the ratio of the energy utilized for a useful purpose to the total 
energy supplied. It could be unity for a plant that does not produce any power. 


10-71C No. A cogeneration plant may involve throttling, friction, and heat transfer through a finite temperature difference, 
and still have a utilization factor of unity. 


10-72C Yes, if the cycle involves no irreversibilities such as throttling, friction, and heat transfer through a finite 
temperature difference. 


10-73C Cogeneration is the production of more than one useful form of energy from the same energy source. Regeneration 
is the transfer of heat from the working fluid at some stage to the working fluid at some other stage. 
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10-74 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a relatively 
high pressure is used for process heating. The net power produced and the utilization factor of the plant are to be 
determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 

Analysis From the steam tables (Tables A-4, A-5, and A-6), 


hy = hr@io kPa = 191.81 kJ/kg 


Vi =V; @10 kPa = 9.00101 m*/kg Z 
WoL in = vi (P, -P,) Boiler 7 
3 1kJ 
-= (0.00101 m /kg {600-10 kPa } ————— 
1 kPa-m? 8 

= 0.60 kJ/kg 

hy =hy+Worin =191.81 +0.60 = 192.41 kJ/kg 5 
Condenser 


h, = hy @ 0.6 MPa ad 670.38 kJ/kg 


Mixing chamber: 


E,,-E 


AL 70 (steady) _ ee, 
in out 7 AE system =0 > Ein or. E out 


$ hih; =$ hehe —> th, = th, + msh 

_ mh +m, _ (22.50)(192.41) + (7.50X670.38) 
rity 30 

V4 = Ve @ hy =311.90 kJ/kg = 0.001026 m’/kg 


or, hy = 311.90 kJ/kg 


WotLin = 44 (P; = P,) 
A 1kJ 
= (0.001026 m°/kg 7000 — 600 kPa T, 
1 kPa -m 
= 6.57 kJ/kg 


hs = hg + W pilin 


= 311.90 + 6.57 = 318.47 kJ/kg 


P; =7 MPa | h =3411.4 kJ/kg 
T; =500°C_ Í sę = 6.8000 kJ/kg -K 


P, = 0.6 MPa 


S7 = S6 


la = 2774.6 kJ/kg 


Ss =S _ 6.8000 -0.6492 _ 9 $201 
S g 7.4996 s 
hg = hy + xgħh = 191.81 + (0.8201)(2392.1) = 2153.6 kJ/kg 


PR =10 kPa |x= 
Sg = S6 


Then, 
Wr ou = titg (he — hy )+ rig (hy —hg ) 
= (30 kg/s)(3411.4—2774.6)kI/kg + (22.5 kg/s\(2774.6 — 2153.6)kJ/kg = 33,077 kW 
Win =m Wprin +M4Wpiin = (22.5 kg/sX0.60 kJ/kg)+ (30 kg/s)(6.57 kJ/kg) = 210.6 kW 
Waet =We our —W pin =33,077 -210.6 = 32,866 kW 
Also, — Qprocess = 117 (hy — hs) = (7.5 kg/s (2774.6 — 670.38) kJ/kg = 15,782 kW 
Qin = ms (hs —hs )= (30 kg/s\3411.4—318.47) = 92,788 kW 
and aS W ret + Qprocess _ 32,866 +15,782 -52.4% 


u 


On 92,788 
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10-75E A large food-processing plant requires steam at a relatively high pressure, which is extracted from the turbine of a 
cogeneration plant. The rate of heat transfer to the boiler and the power output of the cogeneration plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4E, A-5E, and A-6E), 
hy =hy @2psia = 94-02 Btu/Ibm 


Vi =V; @2psia = 0.01623 ft? /Ibm 6 
Boiler 
Wor in =u,(P, -P )/n, 7 
= | (0.01623 ft*/Ibm)(140 — 2)psia 8 
f 1 Btu 
A 5 
5.4039 psia. ft Condenser 
=0.48 Btu/lbm 
hy =h, + Wpiin =94.02 + 0.48 = 94.50 Btu/Ibm 


1 
Oram EO 
hs =h ; @ 140 psia = 324-92 Btu/lbm ; i 


Mixing chamber: 
: : ; 70 (stead 
En = E out = AE ystem gee 0 
Ein < Eont 
X ih = Yo he ——> thy = h + ih 
or, 


=129.07 Btu/lbm 


_m,h, + zh; _ (8.5)(94.50) + (1.5)(324.92) 
rity 10 
V4 = Ver @ hy =129.07 Btu/lbm — 0.01640 ft?/Ibm 


hy 


Wotnin = ¥4(Ps — Py)/7, z 
t 
= (0.01640 ft?/ibm {800 -140 psia) ———“ — |/(0.86) 
5.4039 psia- ft 
= 2.33 Btu/lbm 
hs = hy + Wiin =129.07 + 2.33 = 131.39 Btu/lbm 


P; =800 psia | Ag =1512.2 Btu/lbm 
Ts =1000°F | sę =1.6812 Btu/lbm-R 


P,, =140 psi 
Ro ee bn = 1287.5 Btu/lbm 
S75 =S6 
Sg =Sf 1.6812 — 0.17499 
S g 1.74444 


hg, =h; + Xg;ħ g =94.02 + (0.86341021.7)=976.21 Btu/lbm 


= 0.8634 


Pes =2 psia ie = 


Sg, =S6 


Then, Q; =r; (h — Ah; )=(10 Ibm/s\(1512.2 —131.39)Btu/Ibm = 13,810 Btu/s 


(b) Wr out =r Wrs =r [ving (hs —hy, )+ mg (m, - hgs J] 
= (0.86 |(10 Ibm/s\(1512.2 — 1287.5) Btu/lbm + (1.5 Ibm/s\1287.5 — 976.21) Btu/Ibm] 
= 4208 Btu/s = 4440 kw 
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10-76 A cogeneration plant has two modes of operation. In the first mode, all the steam leaving the turbine at a relatively 
high pressure is routed to the process heater. In the second mode, 60 percent of the steam is routed to the process heater and 
remaining is expanded to the condenser pressure. The power produced and the rate at which process heat is supplied in the 
first mode, and the power produced and the rate of process heat supplied in the second mode are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


hy =h; @ 20 kpa = 251.42 kI/kg 
Vi =V; @20 kPa = 0.001017 m*/kg 


n 


Boiler 
Wohin = 41 (P, -P) 


LkI 
= (0.001017 m*/kg}10,000-20 kPa) ——-— 
1kPa-m 
=10.15 kJ/kg 
hy = hy + Wotjn = 251-42 + 10.15 = 261.57 kJ/kg Condens. 


V3 =V; @ o.s mpa = 0.001093 m*/kg 


Wpll,in = Y3 (P, -P ) 
A LkJ T 
Š (0.001093 m /kg {10,000 -500 kPa = aw 
1kPa-m 
= 10.38 kJ/kg 
hy =h; +w = 640.09 + 10.38 = 650.47 kJ/kg 


pilin 
Mixing chamber: 
- : LAL AO (steady) _ © F 
En iS E out = ra Se =0 > En F E out 


S righ; = Yo he = > tshs = h + h, 


_ mh, +mah4 _ (2)(261.57) + (3)(650.47) 


or, h; = 494.91 kJ/kg 
Ms 5 
P =10 MPa | A, =3242.4 kJ/kg 
Ts =450°C | sę =6.4219 kJ/kg : K 
sgh a 
f _ 6-4219 -1.8604 -0.9196 


S7 
P, =0.5 MPa) x; = =—— 


h, =h; +x-h =640.09 + (0.9196 \2108.0)= 2578.6 kJ/kg 
7 S T” fe 


Sg—Sp 6.4219 —0.8320 
P, =20 kPa a ee = 0.7901 


S7 =S6 


hg =hy + Xgh jy =251.42 + (0.7901)2357.5)= 2114.0 kJ/kg 


a me) 
When the entire steam is routed to the process heater, 
We out = rig (he — hz )= (5 ke/s (3242.4 — 2578.6)kI/kg = 3319 kW 
Ò process = 17 (h7 — h; )= (5 kg/s{2578.6 — 640.09)kI/kg = 9693 kW 
(b) When only 60% of the steam is routed to the process heater, 


Wve = m6 (hs -h; )+ mg (h, -hg ) 
= (5 kg/s 3242.4- 2578.6) kJ/kg + (2 kg/s (2578.6 — 2114.0) kJ/kg = 4248 kW 
Ó process = lity (hy — h; )= (3 kg/s {2578.6 - 640.09) kJ/kg =5816 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-73 


10-77 A cogeneration plant modified with regeneration is to generate power and process heat. The mass flow rate of steam 
through the boiler for a net power output of 25 MW is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 


hy =h; @10kpa = 191.81 kJ/kg 
Vi =V; @10 kPa = 0.00101 m*/kg Boiler 


Wiin = “1 (P, = P) 
= (0.00101 m3/kg\1600 -10 eaf] 


1kPa-m 
=1.61 kJ/kg 


Condense 
h, =h +w 7 


pin = 191.814 1.61=193.41 kJ/kg 
h3 = h4 = ho =h; @ 1.6 MPa =858.44 kJ/kg 


V4 =V; @16mPa = 0.001159 m°/kg 


Wpll,in =,(P; - P,) 7 
1 
= (0.001159 m3/kg {9000 — 400 wna] 
1kPa-m 
= 8.57 kJ/kg 


hs =h,+w = 858.44 + 8.57 = 867.02 kJ/kg 


pilin 


P, =9 MPa i = 3118.8 kJ/kg 


T, = 400°C Î s6 = 6.2876 kJ/kg -K 
S7-5Sf 6.2876 — 2.3435 
P, =1.6 MPa ) x7 = =— = = 0.9675 
R P 4.0765 
S7 =5¢ s 


hy =hy + x7h py =858.44 + (0.9675\1934.4)= 2730.0 kJ/kg 


Sg =S _ 6.2876 - 0.6492 
S 7.4996 
hg =hp + xgh g =191.81 + (0.7518\2392.1)= 1990.2 kJ/kg 


P, =10 kPa = = 0.7518 


Sg =S¢ 


Then, per kg of steam flowing through the boiler, we have 


Wirow = (lt — hy) + 1 — y)(hr — hg) 
= (3118.8 — 2730.0) kJ/kg + (1 — 0.35\(2730.0 — 1990.2) kJ/kg 
= 869.7 kJ/kg 


Wp,in = (I ~ Y) Wp in a WolLin 
= (1 —0.35)1.61 kJ/kg) + (8.57 kJ/kg) 
= 9,62 kJ/kg 


Wnet = Wr out — Wpin = 869.7 — 9.62 = 860.1 kI/kg 


Thus, 


_ 25,000 KS _ 99 a kgs 


860.1 kJ/kg 


_W, 


net 


Wnet 
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> 
10-78 Problem 10-77 is reconsidered. The effect of the extraction pressure for removing steam from the turbine to be 
used for the process heater and open feedwater heater on the required mass flow rate is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

y = 0.35 "fraction of steam extracted from turbine for feedwater heater and process heater" 
P[6] = 9000 [kPa] 

T[6] = 400 [C] 

P_extract=1600 [kPa] 

P[7] = P_extract 

P_cond=10 [kPa] 

P[8] = P_cond 

W_dot_net=25 [MW]*Convert(MW, kW) 
Eta_turb= 100/100 "Turbine isentropic efficiency" 
Eta_pump = 100/100 "Pump isentropic efficiency" 
P[1] = P[8] 

P[2]=P[7] 

P[3]=P[7] 

P[4] = P[7] 

P[5]=P[6] 

P[9] = P[7] 


"Condenser exit pump or Pump 1 analysis" 
Fluid$='Steam_IAPWS' 


h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Sat'd liquid} 

v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 

h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"Open Feedwater Heater analysis:" 

z*h[7] + (1- y)*h[2] = (1- y + z)*h[3] "Steady-flow conservation of energy" 
h[3]=enthalpy(Fluid$,P=P[3],x=0) 

T[3]=temperature(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[3]=entropy(Fluid$,P=P[3],x=0) 


"Process heater analysis:" 

(y - z)*h[7] = q_process + (y - z)*h[9] "Steady-flow conservation of energy" 
Q_dot_process = m_dot*(y - z)*q_process"[kW)]" 

h[9]=enthalpy(Fluid$,P=P[9],x=0) 

T[9]=temperature(Fluid$,P=P[9],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
s[9]=entropy(Fluid$,P=P[9],x=0) 


"Mixing chamber at 3, 4, and 9:" 

(y-z)*h[9] + (1-y+z)*h[3] = 1*h[4] "Steady-flow conservation of energy" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) "Condensate leaves heater as sat. liquid at P[3]" 
s[4]=entropy(Fluid$,P=P[4],h=h[4]) 


"Boiler condensate pump or Pump 2 analysis" 

v4=volume(Fluid$,P=P[4],x=0) 

w_pump2_s=v4*(P[5]-P[4])"SSSF isentropic pump work assuming constant specific volume 
w_pump2=w_pump2_s/Eta_pump "Definition of pump efficiency" 

h[4]+w_pump2= h[5] "Steady-flow conservation of energy" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-75 


s[5]=entropy(Fluid$,P=P[5],h=h[5]) 
T[5]=temperature(Fluid$,P=P[5],h=h[5]) 


"Boiler analysis" 

q_in + h[5]=h[6]"SSSF conservation of energy for the Boiler" 
h[6]=enthalpy(Fluid$, T=T[6], P=P[6]) 

s[6]=entropy(Fluid$, T=T[6], P=P[6]) 


"Turbine analysis" 

ss[7]=s[6] 

hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 

Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 

h[7]=h[6]-Eta_turb*(h[6]-hs[7])"Definition of turbine efficiency for high pressure stages" 
T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

ss[8]=s[7] 

hs[8]=enthalpy(Fluid$,s=ss[8],P=P[8]) 

Ts[8]=temperature(Fluid$,s=ss[8],P=P[8]) 

h[8]=h[7]-Eta_turb*(h[7]-hs[8])"Definition of turbine efficiency for low pressure stages" 
T[8]=temperature(Fluid$,P=P[8],h=h[8]) 

s[8]=entropy(Fluid$,P=P[8],h=h[8]) 

h[6] =y*h[7] + (1- y)*h[8] + w_turb "SSSF conservation of energy for turbine" 


"Condenser analysis" 
(1- y)*h[8]=q_out+(1- y)*h[1]"SSSF First Law for the Condenser" 


"Cycle Statistics" 

w_net=w_turb - ((1- y)*w_pump1+ w_pump2) 
Eta_th=w_net/q_in 

W_dot_net = m_dot * w_net 


Steamjapws 
Pextract Nth m Qbprocess a 
[kPa] [kg/s] [kW] f 
200 | 0.3778 | 25.4 2770 i 
400 | 0.3776 | 26.43 | 2137 f 
600 | 0.3781 | 27.11 | 1745 cca 
800 | 0.3787 | 27.63 | 1459 f 
1000 | 0.3794 | 28.07 | 1235 g Hi 
1200 | 0.3802 | 28.44 | 1053 L f 
1400 | 0.3811 | 28.77 | 900.7 | 300- 9000 kPa 
1600 | 0.3819 | 29.07 | 770.9 i 3,4,5,9 
1800 | 0.3828 | 29.34 659 200 | E 1600 kPa 
2000 | 0.3837 | 29.59 | 561.8 j ra 
100 L 1,2 
p m 10 kPa 
0 1 1 1 1 1 1 1 1 1 1 L 
0.0 1.1 2.2 3.3 4.4 55 
s [kJ/kg-K] 
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0.384 


0.383 


0.382 


0.381 


Nth 


0.38 


0.379 


0.378 


0.377 1 1 1 1 
200 400 600 800 1000 1200 1400 1600 1800 2000 


Pextract [kPa] 


m [kg/s] 


Qprocess [kw] 


200 400 600 800 1000 1200 1400 1600 1800 2000 
Pextract [kPa] 
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10-79E A cogeneration plant is to generate power while meeting the process steam requirements for a certain industrial 
application. The net power produced, the rate of process heat supply, and the utilization factor of this plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4E, A-5E, and A-6E), 
hı = hf @ 24r = 208.49 Btu/lbm 
h, = h 


P, = 600 psia n = 1408.0 Btu/lbm 


T; =800°F [s3 =s; =s} =1.6348 Btu/lbm -R 3 
h, = hy = hs = Ng 
P, =120 psia 


hn =1229.5 Btu/lbm 


S7 = S83 


Woot = ms (hs - hy ) 
= (12 Ibm/s\(1408.0—1229.5) Btu/Ibm T 
= 2142 Btu/s = 2260 kW 


(E) Qprocess = > Mih; -Y teh, 
= mehe + hh; -mh — 
= (6)(1408.0)+ (12)(1229.5)- (18208.49) 
= 19,450 Btu/s 


120 psia 


(c) & =1 since all the energy is utilized. 
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10-80 A Rankine steam cycle modified for a closed feedwater heater and a process heater is considered. The 7-s diagram for 
the ideal cycle is to be sketched; the mass flow rate of the cooling water; and the utilization efficiency of the plant are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (b) Using the data from the problem statement, the enthalpies at various states are 


h =h; @ 10 kpa = 191.81 kJ/kg 


Vi =V; @ 20 kpa = 0.00101 m*/kg 10 MPa 
Wplin = V1 (P, -P) T 2.MPa 
Í 1 kJ 
= (0.00101 m3/kg\10000-10 kPa ——— 
1kPa-m 
=10.1 kJ/kg 700 kPa 
hy = hy + Wyn =191.81410.1 = 201.9 kJ/kg 
h, =h; =hy =h; = 908.47 kJ/k 
3 8 9 f @ 2000 kPa 8 10 kPa 


hio ES hii = hy @ 700 kPa E 697.00 kJ/kg 


An energy balance on the closed feedwater heater gives 
y(hs —hg) =h; -h 
h, —h, 908.47 -201.9 


y= = = 0.3495 
hs—hg  2930—908.47 


The process heat is expressed as 


Onas = zm(he = hio) = nC ,ATy 
_ZTn(lis ho) _ 0.05(100 kg/s)(2714~697.00) LIKE _ 60,3 kgls 
c, AT, (4.18 kJ/kg -°C)(40°C) 


w 


(c) The net power output is determined from 
Woes z Wr = Wp 
= nily(hg -hs)+ z(h, — hg) + (l-y-2)(h4 -h:)- wp] 
= (100 kg/s) 0.3495(3374 — 2930) kJ/kg + 0.05(3374 — 2714) kJ/kg 
+ (1- 0.3495 — 0.05)(3374 — 2089) kJ/kg — (10.1 kJ/kg) 
= 94,970 kW 


The rate of heat input in the boiler is 


Qin = (h4 —h;) = (100 kg/s)(3874 — 908.47) kJ/kg = 296,550 kW 
The rate of process heat is 


Ò process = 0-051i1(ig — hio) = 0.05(100 kg/s)(2714 — 697.00) kJ/kg = 10,085 kW 


The utilization efficiency of this cogeneration plant is 


Wet + Qprocess _ (94,970+ 10,085) kW 
On 296,550 kW 


E= = 0.354 = 35.4% 
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Combined Gas-Vapor Power Cycles 


10-81C The energy source of the steam is the waste energy of the exhausted combustion gases. 


10-82C Because the combined gas-steam cycle takes advantage of the desirable characteristics of the gas cycle at high 
temperature, and those of steam cycle at low temperature, and combines them. The result is a cycle that is more efficient 
than either cycle executed operated alone. 
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10-83 @® A 450-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is an ideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Analysis (a) The analysis of gas cycle yields (Table 
A-17) 


T; = 300 K —> hg = 300.19 kJ/kg 
P, = 1.386 


To 


P, -2p, = (14)(1.386) = 19.40 —> hy = 635.5 kJ/kg 
8 


Tio = 1400 K —> hyp =1515.42 kJ/kg 
P, =450.5 


rio 


p aiig -(4 450.5) 32.18 > hy, = 735.8 kJ/kg 
11 P 10 14 
10 


T, = 460 K —> h = 462.02 kJ/kg 


From the steam tables (Tables A-4, A-5, A-6), 


Vi =V; @20kPa = 0.001017 m*/kg 


WoL in = V1 (P, -P) 
1 
= (0.001017 m°/kg 600- 20 ea) 
1 kP 
= 0.59 kJ/kg 


hy = hi + Wy in = 251.42 + 0.59 = 252.01 kJ/kg 


pl,in 


hy = hy @ 0.6 mpa = 670.38 kJ/kg 
V3 =V; @ o6 mpa = 0.001101 m*/kg 


Wpll,in = ¥3 (P, z B) TA 
= (0.001 101 m/kg)8,000 — 600 kPa = 
1 kPa -m 
= 8.15 kJ/kg 
hy = hm + Wotin = 670.38 +8.15 = 678.53 kJ/kg 


P, =8 MPa ) h; = 3139.4 kJ/kg 
T; = 400°C | s = 6.3658 kI/kg-K 


S6—S¢ _ 6.3658 —1.9308 
S 4.8285 
he = hy + xeħ p = 670.38 + (0.91852085.8) = 2586.1 kJ/kg 


P, = 0.6 MPa | x6 = = 0.9185 

56 = 55 

87-87 _ 6.3658 — 0.8320 
S fp 7.0752 

hy = hy + xh g = 251.42 + (0.7821K2357.5) = 2095.2 kJ/kg 


P, = 20 kPa |" = = 0.7821 


S7 = S5 


Noting that Ò = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 
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z R : £0 (steady) 
Ein = Eout = AE system mea” = 0) 


En = Eou 
Dinh, = $ ehe — ring hs — hy) = tiair (hi —M2) 


air _ As— hy _ 3139.4 -678.53 _ 8.99 kg air / kg steam 


m 


th, hih 735.80- 462.02 


(b) Noting that Ò = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


5 > _ ag #0 (steady) _ 
Ein = E out = AE system =0 


Ein = E yut 
$ h; = $ ehe — th, + ghg = hh, — yhg +(L- y)h, = (Ig 


Thus, 


BE e A Ea 0.1792 (the fraction of steam extracted) 
hg -—hy 2586.1- 252.01 


Wr = hs — he +0- yg — hy) 
= 3139.4 — 2586.1 + (1—0.1792\(2586.1 — 2095.2) = 956.23 kJ/kg 


Whet,steam = Wyr Wp,in = Wr (1 yWy1 Wp, II 

= 956.23 — (1 —0.1792\(0.59)—8.15 = 948.56 kJ/kg 
= Wr — Woin = (ho hy) (hy hg) 

= 1515.42 — 735.8 — (635.5 — 300.19) = 444.3 kJ/kg 


Waet, gas 


The net work output per unit mass of gas is 


= 444.3 + (948.56) = 549.8 kJ/kg 


z 1 
Wnet = Wnet, gas T 8.99 Whet,steam 


Wae _ 450,000 KIS S187 kg/s 


549.7 kJ/kg 


Mair = 
Wnet 


and 
Òn = Mar (Mo — hg) = (818.5 kg/s{1515.42 — 635.5) kJ/kg = 720,215 kW 
We _ 450,000 kW 


c = = 62.5% 
(1 = "B= 300.215 kW 
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EES 
10-84 Problem 10-83 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 
flow rate and cycle thermal efficiency is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] "Gas compressor inlet" 

P[8] = 14.7 [kPa] “Assumed air inlet pressure" 

"Pratio = 14" "Pressure ratio for gas compressor" 

T[10] = 1400 [K] "Gas turbine inlet" 

T[12] = 460 [K] "Gas exit temperature from Gas-to-steam heat exchanger " 
P[12] = P[8] “Assumed air exit pressure" 

W_dot_net=450 [MW] 

Eta_comp = 1.0 


Eta_gas_turb = 1.0 
Eta_pump = 1.0 
Eta_steam_turb = 1.0 


P[5] = 8000 [kPa] "Steam turbine inlet" 

T[5] =(400+273) "[K]" "Steam turbine inlet" 

P[6] = 600 [kPa] "Extraction pressure for steam open feedwater heater" 
P[7] = 20 [kPa] "Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 

s[8]=ENTROPY (Air, T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 
h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 
ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY (Air, T=T[8]) 

hs9=ENTHALPY (Air, T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=EENTROPY (Air, T=T[9],P=P[9]) 


"Gas Cycle External heat exchanger analysis" 

h[9] + q_in = h[10]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[10]=ENTHALPY (Air, T=T[10]) 

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure" 
Q_dot_in"MW'"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[10]=-ENTROPY (Air, T=T[10],P=P[10]) 

ss11=s[10] "For the ideal case the entropies are constant across the turbine" 

P[11] = P[10] /Pratio 

Ts11=temperature(Air,s=ss11,P=P[11])"Ts11 is the isentropic value of T[11] at gas turbine exit" 
Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[10] = w_gas_turb_isen + hs11"SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 

hs11=ENTHALPY (Air, T=Ts11) 

h[10] = w_gas_turb + h[11]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[11]=temperature(Air,h=h[11]) 

s[11]=ENTROPY (Air, T=T[11], P=P[11]) 
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"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 
W=0, ke=pe=0" 

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 
h[12]=ENTHALPY (Air, T=T[12]) 

s[12]=ENTROPY (Air, T=T[12],P=P[12]) 


"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 
vi=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$, P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 

h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1-y)*h[2] = 1*h[3] “Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
T[3]=temperature(Fluid$, P=P[3],x=0) 

s[3]=entropy(Fluid$, P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = PI5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
W_pump2=w_pump2_s/Eta_pump “Definition of pump efficiency” 

h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 

s[4]=entropy(Fluid$, P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 
"Steam Turbine analysis" 

h[5]=enthalpy(Fluid$, T=T[5],P=P[5]) 

s[5]=entropy(Fluid$,P=P[5], T=T[5]) 

ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 
h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 
T[6]=temperature(Fluid$, P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 
h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 
T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 

"Cycle Statistics" 

MassRatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 
Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 


m_dot_steam*w_steam_turb) "Back work ratio" 
W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 


W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 


NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 


Pratio MassRatio Whetgas Whetsteam Nih NetWorkRatio 
gastosteam [kw] [kw] [%] gastosteam 
10 7.108 342944 107056 59.92 3.203 
11 7.574 349014 100986 60.65 3.456 
12 8.043 354353 95647 61.29 3.705 
13 8.519 359110 90890 61.86 3.951 
14 9.001 363394 86606 62.37 4.196 
15 9.492 367285 82715 62.83 4.44 
16 9.993 370849 79151 63.24 4.685 
17 10.51 374135 75865 63.62 4.932 
18 11.03 377182 72818 63.97 5.18 
19 11.57 380024 69976 64.28 5.431 
20 12.12 382687 67313 64.57 5.685 


T [K] 


Combined Gas and Steam Power Cycle 


—e—Gas Cycle 


m Steam Cycle 


8000 kPa 


600 kPa 


20 kPa 


0.0 1.1 2.2 


3.3 4.4 5.5 6.6 


s [kJ/kg-K] 


7.7 


8.8 99 11.0 
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66 T T T T T T T T T 


63.8 


61.6 


59.4 


Nth [%] 


57.2 


Pratio 


WwW IW vs Gas Pressure Ratio 
dot,gas dot,steam 


NetWorkRatiOgastosteam 


5 9 14 18 23 
Pratio 


Ratio of Gas Flow Rate to Steam Flow Rate vs Gas Pressure Ratio 
14.0 


M assRatiOgastosteam 


Pratio 
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10-86 
10-85 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the 
bottoming cycle. The mass flow rate of air for a specified power output is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k= 1.4 (Table A-2a). 


Analysis Working around the topping cycle gives the 
following results: 


(k-1)/k 
Tes =T; (Z = (293 K)(8)°”414 = 530.8 K 
5 


Nc = J 
he -hs c, (Ts -T;) 


Nc 


9p le ee eg 
0.85 


P (k-1)/k 1 0.4/1.4 
Ty, =T; 6 = (1373 Kf) =758.0K 
P, 8 


> Tg =T; -nr (T; -Tzs ) 
= 1373 —(0.90)(1373 — 758.0) 
=819.5K 


Ty =T sat @ 6000kPa = 279-6°C = 548.6 K 


Fixing the states around the bottom steam cycle yields (Tables A-4, A-5, A-6): 
Vi =V -@20Kpa = 0.001017 m*/kg 
Win = 4 (P2 -P) IKJ 
= (0.001017 m*/kg)(6000 — 20)kPa E) 


= 6.08 kJ/kg Faem 
hy =h +W, in = 251.42 + 6.08 = 257.5 kJ/kg 


P, = 6000 kPa | h} = 2953.6 kJ/kg 


T, = 320°C S3 =6.1871kJ/kg:K 
P, =20 kPa 
hy, = 2035.8 kJ/kg 
S4 = S3 
h, —h 
1r = 3—4 >h4 = h; -1r (hz — has) 
h; -=h4s 


= 2953.6 — (0.90)(2953.6 — 2035.8) 
= 2127.6 kJ/kg 
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The net work outputs from each cycle are 


Wnet, gas cycle — WT out — WC,in 


=c, (77 Ty) cp (Ts Ts) 
= (1.005 kJ/kg -K)(1373 — 819.5- 572.7 + 293)K 
= 275.2 kJ/kg 


Waet, steam cycle = WT out ~ WP in 


= (h3 —h4)— Wp in 
= (2953.6 — 2127.6) — 6.08 
= 819.9 kJ/kg 


An energy balance on the heat exchanger gives 


c g -T. 1. 19.5- 548. 
AE E aS E p(s 2) a, _ (1.005)(819.5 - 548.6) 
h3-h, 2953.6 — 257.5 


That is, 1 kg of exhaust gases can heat only 0.1010 kg of water. Then, the mass flow rate of air is 


War 100,000 kJ/s 
net LX 275.2 +0.1010x 819.9) kJ/kg air 


m = 279.3 kg/s 


a 
Ww 
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= 0.10100, 


10-87 


10-88 


10-86 A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for the 
bottoming cycle. The mass flow rate of air for a specified power output is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
cp = 1.005 kJ/kg:K and k= 1.4 (Table A-2a). T 


Analysis With an ideal regenerator, the temperature of the air 1373 K 
at the compressor exit will be heated to the to the temperature 
at the turbine exit. Representing this state by “6a” 


T6q = Tg =819.5K 
The rate of heat addition in the cycle is 


Òn =m,c,(T; —Tea) 
= (279.3 kg/s)(1.005 kJ/kg -°C)(1373—819.5) K 


=155,370 kW 
The thermal efficiency of the cycle is then 
293 K 
W, 
is ee 100,000 kW _ 0.6436 


Òa 155,370 kW 


Without the regenerator, the rate of heat addition and the thermal efficiency are 
Òn = MaC p (T7 — T6) = (279.3 kg/s)(1.005 kJ/kg -°C)(1373 — 572.7) K = 224,640 kw 


Waet _ 100,000 kW 


= 0.4452 
O,, 224,640 kW 


Ith = 


The change in the thermal efficiency due to using the ideal regenerator is 


Any, = 0.6436 — 0.4452 = 0.1984 
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10-89 


10-87 The component of the combined cycle with the largest exergy destruction of the component of the combined cycle in 
Prob. 10-86 is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic 


and potential energy changes are negligible. T 
Analysis From Problem 10-86, BBK 
T ouie, gas cycle E 1 3 73 K 
source, steam cycle E T; i 8 1 9.5 K 
T, sink 7 293 K 


S1 =S7 =S f@2z0kPa = 0.8320 kJ/kg -K 
s3 = 6.1871 kJ/kg -K 
S4 = 6.4627 kJ/kg: K 
qin67 = €p (T7 — T6) = 804.3 kJ/kg 
qin23 = hz — hy = 2696.1 kJ/kg 
dout = h4 ~h =1876.2 kJ/kg 293 K 
my, = 0.10107, = 0.1010(279.3) = 28.21 kg/s 


STEAM : 
ita 20 kPa , 


Ors 4s 


X destroyed,12 = 9 (isentropic process) 


X destroyed,34 = M „To (84 — 83 ) = (28.21 kg/s)(293 K)(6.4627 — 6.1871) = 2278 kW 


. 7 out 
X destroyed, 41 T m „To s =s4 + 
sink 


= 8665 kW 


1876.2 kI/k 
= (28.21 kg/s)(293 ko[ 08320 -6.1871 red 


. T, 
tis è Dih 9 : E 
A destroyed Neat eeohangee = MT AS go +m,,T)As5, a ist m +maTo(s3 S2) 
8 


= (279.3298) (1.005) n a + (28.21)(293)(6.1871—0.8320) 
=11260kW 
7 P 2. 
X destroyed, 56 = MaTo| cp In=*— Rin— |= (2793293) (1.005) ail - (0.287) ne) = 6280 kW 
T; P, 293 
, ; T; qi 1373 804.3 
X =m, T| ¢, In—--—*~ |= (279.3)(293)} (1.005)In — - — | = 23,970 kw 
destroyed, 67 Ma ifer T; om, ( )( if ) 572.7 1373 | 
; ; T; Py 819.5 1 
X = M, To| € In È- Rin = | = (279.3)(293)| (1.005)In ——>- (0.287) In] — | | = 6396 kW 
destroyed, 78 Ma iler n T; n 4 ( )( K )In 1373 ( ) 8j 


The largest exergy destruction occurs during the heat addition process in the combustor of the gas cycle. 
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10-90 


10-88 A 280-MW combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the 
bottoming cycle is a nonideal Rankine cycle with an open feedwater heater. The mass flow rate of air to steam, the required 
rate of heat input in the combustion chamber, and the thermal efficiency of the combined cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with variable specific heats. 


Analysis (a) Using the properties of air from Table A-17, the analysis 
of gas cycle yields 


T; =300 K —> hg =300.19 kJ/kg 


P, =1.386 
P. 
P, =a ta =(11X1.386)=15.25 > ho, = 595.84 kJ/kg 
8 
ho, -h 
nce a —> hy = hg + (hos —hg)/1¢ 
9 — Mg = 300.19 + (595.84 — 300.19)/(0.82) 
= 660.74 kJ/kg 
Tio =1100 K —> hyp =1161.07 kJ/kg 
P,, =167.1 
Pi 1 
9 =p =| — |(167.1)=15.19 —> hı, = 595.18 kJ/kg 
11 P 10 11 i 
10 
ho -h 
Nr eee hy, =o -nr (h oh 1s) 
10 ~ Ms = 1161.07 — (0.86 1161.07 — 595.18) 


= 674.40 kJ/kg 


Ti, =420K > hia = 421.26 kJ/kg 
From the steam tables (Tables A-4, A-5, and A-6), 
h = hy @10kPa = 191.81 kJ/kg 
Win =(P, - P,) ig 
= (0.00101 m3/kg 800-10 kPa} —<! _ 
1 kPa - m? 
= 0.80 kJ/kg 


hy =h; + Wrin =191.814 0.80 =192.60 kJ/kg 


pLin 


hs =h; @ o.s mpa = 720.87 kJ/kg 
V3 =V; @osmpa =0.001115 m°*/kg 
Wpnin = ¥3(P, -R ) “a 
= (0.001 115 m°/kg {5000 -800 kPa] — T — 
1 kPa -m° 
= 4.68 kJ/kg 


hy = h; + Worin = 720.87 + 4.68 = 725.55 kJ/kg 


pl,in 


P, =5 MPa | h; =3069.3 kJ/kg 
T; =350°C Ís; =6.4516 kJ/kg -K 
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P, =0.8 MPa | x6, = = 0.9545 


Sós Sf _ 6.4516 — 2.0457 


Mee 85 hes =h; + X¢sh g = 720.87 + (0.9545)(2085.8) = 2675.1 kJ/kg 
hs —h 

Nr = = —> hg =h; -nr (hs — hg, )= 3069.3 — (0.86)3069.3 — 2675.1) = 2730.3 kJ/kg 
5. Fb 

Sr —S¢ = 
Pai ye — = 0.7737 
= S fg $ 

DAT hy, =h; + x7h g =191.81 + (0.7737(2392.1) = 2042.5 kJ/kg 
hs -h 

Nr = i 7. > h; =h; — np (hs —h7, )= 3069.3 —(0.86)(3069.3 — 2042.5) = 2186.3 kJ/kg 
5 ENTS 


Noting that Ò = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 
En = re = N -0 
Ev a Èo 
J rih =$ hehe — ting (hs — h4 )= tiair (hi = hz) 
Nar _ hs —h4 _ 3069.3 -725.55 
m, h-hh» 674.40 — 421.26 


=9.259 kg air / kg steam 


(b) Noting that Ò = W = Ake = Ape = 0 for the open FWH, the steady-flow energy balance equation yields 


A : ae #0 (steady) _ . y 
En = E out = AE system sa = Sy Ein 3 E out 


$ ih; = $ hehe — tinghy + ghs = h, —> yhe + (l= yh = (1)h 
Thus, 


h, -h — 
y=3 -= EVES En = 0.2082 (the fraction of steam extracted) 
hg —h, 2730.3 -192.60 


Wr ="r [hs he + (1 y Nhs hy )] 
= (0.86 [3069.3 — 2730.3 + (1 — 0.2082 {2730.3 — 2186.3)|= 769.8 kJ/kg 


Whret,steam ~ Wr 7 Wp,in = Wr 7 (1 ~ yp Z Won 


= 769.8 — (1 — 0.2082\0.80)— 4.68 = 764.5 kJ/kg 
Whet,gas =Z Wr T We,in = (ho -hı )- (ho = hg) 
= 1161.07 — 674.40 — (660.74 — 300.19) = 126.12 kJ/kg 


The net work output per unit mass of gas is 


1 
9.259 


w =w =126.12 + 


netgas + -775 Wnetsteam (764.5) = 208.69 kJ/kg 


Wee. _ 280,000 KJ/s 
Wet 208.69 kJ/kg 


Mair 


= 1341.7 kg/s 


net 
and Ò; = rii (yg — tg) = (1341.7 kg/s)(1161.07 — 660.74) kJ/kg = 671,300 kW 


(c) Na = vet Ec UE SLE 0.4171 = 41.7% 
O, 671,300 kw 
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10-92 


EES 
10-89 Problem 10-88 is reconsidered. The effect of the gas cycle pressure ratio on the ratio of gas flow rate to steam 
flow rate and cycle thermal efficiency is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 

T[8] = 300 [K] "Gas compressor inlet" 

P[8] = 100 [kPa] "Assumed air inlet pressure" 

"Pratio = 11" "Pressure ratio for gas compressor" 

T[10] = 1100 [K] "Gas turbine inlet" 

T[12] = 420 [K] "Gas exit temperature from Gas-to-steam heat exchanger " 
P[12] = P[8] “Assumed air exit pressure" 


W_dot_net=280 [MW] 
Eta_comp = 0.82 
Eta_gas_turb = 0.86 
Eta_pump = 1.0 
Eta_steam_turb = 0.86 


P[5] = 5000 [kPa] "Steam turbine inlet" 

T[5] =(350+273.15) "K" "Steam turbine inlet" 

P[6] = 800 [kPa] “Extraction pressure for steam open feedwater heater" 
P[7] = 10 [kPa] "Steam condenser pressure" 


"GAS POWER CYCLE ANALYSIS" 


"Gas Compressor anaysis" 

s[8]=ENTROPY (Air, T=T[8],P=P[8]) 

ss9=s[8] "For the ideal case the entropies are constant across the compressor" 

P[9] = Pratio*P[8] 

Ts9=temperature(Air,s=ss9,P=P[9])"Ts9 is the isentropic value of T[9] at compressor exit" 

Eta_comp = w_gas_comp_isen/w_gas_comp "compressor adiabatic efficiency, w_comp > w_comp_isen" 
h[8] + w_gas_comp_isen =hs9"SSSF conservation of energy for the isentropic compressor, assuming: adiabatic, 
ke=pe=0 per unit gas mass flow rate in kg/s" 

h[8]=ENTHALPY (Air, T=T[8]) 

hs9=ENTHALPY (Air, T=Ts9) 

h[8] + w_gas_comp = h[9]"SSSF conservation of energy for the actual compressor, assuming: adiabatic, 
ke=pe=0" 

T[9]=temperature(Air,h=h[9]) 

s[9]=EENTROPY (Air, T=T[9],P=P[9]) 


"Gas Cycle External heat exchanger analysis" 

h[9] + q_in = h[10]"SSSF conservation of energy for the external heat exchanger, assuming W=0, ke=pe=0" 
h[10]=ENTHALPY (Air, T=T[10]) 

P[10]=P[9] "Assume process 9-10 is SSSF constant pressure" 
Q_dot_in"MW'"*1000"kW/MW"=m_dot_gas*q_in 


"Gas Turbine analysis" 

s[10]=-ENTROPY (Air, T=T[10],P=P[10]) 

ss11=s[10] "For the ideal case the entropies are constant across the turbine" 

P[11] = P[10] /Pratio 

Ts11=temperature(Air,s=ss11,P=P[11])"Ts11 is the isentropic value of T[11] at gas turbine exit" 
Eta_gas_turb = w_gas_turb /w_gas_turb_isen "gas turbine adiabatic efficiency, w_gas_turb_isen > w_gas_turb" 
h[10] = w_gas_turb_isen + hs11"SSSF conservation of energy for the isentropic gas turbine, assuming: 
adiabatic, ke=pe=0" 

hs11=ENTHALPY (Air, T=Ts11) 

h[10] = w_gas_turb + h[11]"SSSF conservation of energy for the actual gas turbine, assuming: adiabatic, 
ke=pe=0" 

T[11]=temperature(Air,h=h[11]) 

s[11]=ENTROPY (Air, T=T[11], P=P[11]) 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-93 


"Gas-to-Steam Heat Exchanger" 

"SSSF conservation of energy for the gas-to-steam heat exchanger, assuming: adiabatic, 
W=0, ke=pe=0" 

m_dot_gas*h[11] + m_dot_steam*h[4] = m_dot_gas*h[12] + m_dot_steam*h[5] 
h[12]=ENTHALPY (Air, T=T[12]) 

s[12]=ENTROPY (Air, T=T[12],P=P[12]) 


"STEAM CYCLE ANALYSIS" 

"Steam Condenser exit pump or Pump 1 analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[7] 

P[2]=P[6] 

h[1]=enthalpy(Fluid$,P=P[1],x=0) {Saturated liquid} 
vi=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$, P=P[1],x=0) 

T[1]=temperature(Fluid$,P=P[1],x=0) 

w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 

h[1]+w_pump1= h[2] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 

T[2]=temperature(Fluid$,P=P[2],h=h[2]) 

"Open Feedwater Heater analysis" 

y*h[6] + (1-y)*h[2] = 1*h[3] “Steady-flow conservation of energy" 

P[3]=P[6] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "Condensate leaves heater as sat. liquid at P[3]" 
T[3]=temperature(Fluid$, P=P[3],x=0) 

s[3]=entropy(Fluid$, P=P[3],x=0) 

"Boiler condensate pump or Pump 2 analysis" 

P[4] = PI5] 

v3=volume(Fluid$,P=P[3],x=0) 

w_pump2_s=v3*(P[4]-P[3])"SSSF isentropic pump work assuming constant specific volume" 
W_pump2=w_pump2_s/Eta_pump “Definition of pump efficiency” 

h[3]+w_pump2= h[4] "Steady-flow conservation of energy" 

s[4]=entropy(Fluid$, P=P[4],h=h[4]) 

T[4]=temperature(Fluid$,P=P[4],h=h[4]) 

w_steam_pumps = (1-y)*w_pump1+ w_pump2 "Total steam pump work input/ mass steam" 
"Steam Turbine analysis" 

h[5]=enthalpy(Fluid$, T=T[5],P=P[5]) 

s[5]=entropy(Fluid$,P=P[5], T=T[5]) 

ss6=s[5] 

hs6=enthalpy(Fluid$,s=ss6,P=P[6]) 

Ts6=temperature(Fluid$,s=ss6,P=P[6]) 
h[6]=h[5]-Eta_steam_turb*(h[5]-hs6)"Definition of steam turbine efficiency" 
T[6]=temperature(Fluid$, P=P[6],h=h[6]) 

s[6]=entropy(Fluid$,P=P[6],h=h[6]) 

ss7=s[5] 

hs7=enthalpy(Fluid$,s=ss7,P=P[7]) 

Ts7=temperature(Fluid$,s=ss7,P=P[7]) 
h[7]=h[5]-Eta_steam_turb*(h[5]-hs7)"Definition of steam turbine efficiency" 
T[7]=temperature(Fluid$,P=P[7],h=h[7]) 

s[7]=entropy(Fluid$,P=P[7],h=h[7]) 

"SSSF conservation of energy for the steam turbine: adiabatic, neglect ke and pe" 
h[5] = w_steam_turb + y*h[6] +(1-y)*h[7] 

"Steam Condenser analysis" 

(1-y)*h[7]=q_out+(1-y)*h[1]"SSSF conservation of energy for the Condenser per unit mass" 
Q_dot_out*Convert(MW, kW)=m_dot_steam*q_out 

"Cycle Statistics" 

MassRatio_gastosteam =m_dot_gas/m_dot_steam 

W_dot_net*Convert(MW, kW)=m_dot_gas*(w_gas_turb-w_gas_comp)+ m_dot_steam*(w_steam_turb - 
w_steam_pumps)"definition of the net cycle work" 
Eta_th=W_dot_net/Q_dot_in*Convert(, %) "Cycle thermal efficiency, in percent" 
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Bwr=(m_dot_gas*w_gas_comp + m_dot_steam*w_steam_pumps)/(m_dot_gas*w_gas_turb + 
m_dot_steam*w_steam_turb) "Back work ratio" 

W_dot_net_steam = m_dot_steam*(w_steam_turb - w_steam_pumps) 

W_dot_net_gas = m_dot_gas*(w_gas_turb - w_gas_comp) 

NetWorkRatio_gastosteam = W_dot_net_gas/W_dot_net_steam 
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10-90 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming 
cycle is a nonideal reheat Rankine cycle. The moisture percentage at the exit of the low-pressure turbine, the steam 
temperature at the inlet of the high-pressure turbine, and the thermal efficiency of the combined cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Analysis (a) We obtain the air properties from EES. The analysis of gas cycle is as follows 


Combustion 
chamber 


T, = 15°C —>h, = 288.50 kJ/kg 


T, =15°C 

i 57 = 5.6648 kI/kg 
P, =100 kPa 
P; = 700 kPa 

i bs, = 503.47 kJ/kg Compressor 
Sg = S7 

hs, -h 
Ne = 9 hs =h + (igs hry) 16 
ee = 290.16 + (503.47 — 290.16) /(0.80) Heat 


= 557.21 kJ/kg exchanger 


Steam 
turbine 


Ty = 950°C —> hy = 1304.8 kJ/kg 
Ty = 950°C 
P, = 700 kPa 


bss = 6.6456 kJ/kg 


P, =100 kPa 
a bh = 763.79 kJ/kg 
Sig =So 
hy -h 
nr E > hio = hy =nr (ho ~ hyo, ) 
9 ~ "0s = 1304.8 —(0.80)(1304.8 - 763.79) 


= 871.98 kJ/kg 
T,, = 200°C —> hy, = 475.62 kJ/kg 


From the steam tables (Tables A-4, A-5, and A-6 950°C 


or from EES), 


h =h; @ 10 kpa =191.81 KJ/kg 
vi = Ver @ 10 kPa = 0.00101 m/kg 


WoLin = u,(P, -P)/n, 
i IKJ 
=|0.00101 m°/kg {6000-10 kPa = /0.80 
1kPa-m 
=7.56 kJ/kg 
hy = h + Wa. n =191.81 + 7.65 =199.37 KJ/kg 


11 STEAM 
CYCLE 4s 
10 kPa 


15°C 


P, =1 MPa] h; = 3264.5 kJ/kg 
Ts = 400°C{ s; = 7.4670 kJ/kg-K 


4 


Qout 


P; =10 kPa 


56 


Xes . = 0.9091 


Ses Sf _ 7.4670-0.6492 
hes =h; + Xesh =191.81 + (0.9091K2392.1) = 2366.4 kJ/kg 


s TSS 
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hs —h 
i Gee > he =hs -nr (hs -hes ) 
5 T "6s = 3264.5 —(0.80\3264.5— 2366.4) 
= 2546.0 kJ/kg 
P; =10 kPa 
he = 2546.5 He =e 


Moisture Percentage = 1— x, =1—0.9842 = 0.0158 = 1.6% 


(b) Noting that Ò = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 


Ein > Bee 
Yi rh, = mh, 
ms (h; —hy )+ ms (hs -h4)= Mair (hio -=h ) 
(1.15)[(8346.5 -199.37) + (3264.5 — h4 )|= (10)(871.98 - 475.62) —> h, = 2965.0 kJ/kg 


Also, 
P, = 6 MPa h, = P, =1 MPa _ 
T; =? S3 S4s = 53 > 
h, -h4 
Nr = > h4 h, -nr (hz — h4, ) 


The temperature at the inlet of the high-pressure turbine may be obtained by a trial-error approach or using EES from the 
above relations. The answer is T; = 468.0°C. Then, the enthalpy at state 3 becomes: h3 = 3346.5 kJ/kg 


(c) Wr, gas 


= rh r (ho — hio )= (10 kg/s (1304.8 — 871.98) kJ/kg = 4328 kW 
Wc gas = Mair (hg — hy )= (10 kg/s (557.21 — 288.50) kJ/kg = 2687 kW 
= Wr. gas — Wega = 4328 — 2687 =1641 kW 


Wi steam = lit, (hy — hy + hs — hg )= (1.15 kg/s)(3346.5 — 2965.0 + 3264.5 — 2546.0) kJ/kg =1265 kW 


Wo steam = Mis W pump = (1.15 kg/s\7.564) kJ/kg =8.7 kW 
Weesieacs = WT steam = We steam = 1265 — 8.7 =1256 kW 
Wiest = Wes hs + Wescs sis = 1641 + 1256 = 2897 kW 


(d) Qin = Mair (ho — hg )= (10 kg/s 1304.8 — 557.21) kJ/kg = 7476 kW 


W asin _ 2897 kW 


= 0.388 = 38.8% 
Òn  7476kW 


In = 
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Special Topic: Binary Vapor Cycles 


10-91C In binary vapor power cycles, both cycles are vapor cycles. In the combined gas-steam power cycle, one of the 
cycles is a gas cycle. 


10-92C Binary power cycle is a cycle which is actually a combination of two cycles; one in the high temperature region, 
and the other in the low temperature region. Its purpose is to increase thermal efficiency. 


10-93C Steam is not an ideal fluid for vapor power cycles because its critical temperature is low, its saturation dome 
resembles an inverted V, and its condenser pressure is too low. 


10-94C Because mercury has a high critical temperature, relatively low critical pressure, but a very low condenser pressure. 
It is also toxic, expensive, and has a low enthalpy of vaporization. 


10-95 Consider the heat exchanger of a binary power cycle. The working fluid of the topping cycle (cycle A) enters the 
heat exchanger at state 1 and leaves at state 2. The working fluid of the bottoming cycle (cycle B) enters at state 3 and 
leaves at state 4. Neglecting any changes in kinetic and potential energies, and assuming the heat exchanger is well- 
insulated, the steady-flow energy balance relation yields 


: ` _AE £0 (steady) _ 
Ein = E out x AE system =0 


Èn = È out 
Xhe DI 
m shy + tigh, =m gh, + mph; or m4(hy -h )= mp (h — hy) 
Thus, 
tiny _ h -h, 


hg Mh-h 
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Review Problems 


10-96 A simple ideal Rankine cycle with water as the working fluid operates between the specified pressure limits. The 
thermal efficiency of the cycle is to be compared when it is operated so that the liquid enters the pump as a saturated liquid 
against that when the liquid enters as a subcooled liquid. 


determined power produced by the turbine and consumed by the pump are to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From the steam tables (Tables A-4, A-5, and A-6), 
hy =A f@ sonra = 340.54 kJ/kg 
Vi =V -@20Kpa = 0.001030 m*/kg 


Win = 4, CP, -P,) IKJ 
= (0.001030 m3/kg)(6000—50)kPa =) 


= 6.13 kJ/kg Henn 
hy = hy + Wyn = 340.54 + 6.13 = 346.67 kJ/kg 


P, =6000kPa } hy =3658.8 kJ/kg 
T; = 600°C s3 = 7.1693 kJ/kg -K 
s4 =Sf _ 7.1693 -1.0912 


hy =h; + x4h g =340.54 + (0.9348)(2304.7) = 2495.0 KJ/kg 


= 0.9348 


P, =50 kPa | i= 


Sq = S3 


Thus, 


qin = 3 — h, = 3658.8 -346.67 = 3312.1 kJ/kg 
lout = h4 — h = 2495.0 -340.54 = 2154.5 kJ/kg 


and the thermal efficiency of the cycle is 


dow _ 2154.5 
din 3312.1 


= 0.3495 


Mn =1- 


When the liquid enters the pump 11.3°C cooler than a saturated liquid at the condenser pressure, the enthalpies become 


P, =50kPa h, = hyp @roec = 293.07 kJ/kg 
T, = Tye @ sonra 11.3 =81.3-11.3= 70°C Í v; =v s @mrc = 0.001023 m3 /kg 


Wp,in = V1 (P> =f) ia 
= (0.001023 m3/kg)(6000 —50)kPa E) 
= 6.09 KJ/kg Ta 


hy = hy + Wy in = 293.07 + 6.09 = 299.16 kJ/kg 


Then, 


qin = hy — hy = 3658.8 299.16 = 3359.6 kJ/kg 
Jour = h4 — hy = 2495.0 — 293.09 = 2201.9 kJ/kg 


Jou 1 _ 22019 _ 9 gang 


din 3359.6 


Mn =1 


The thermal efficiency slightly decreases as a result of subcooling at the pump inlet. 
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10-97E A geothermal power plant operating on the simple Rankine cycle using an organic fluid as the working fluid is 

considered. The exit temperature of the geothermal water from the vaporizer, the rate of heat rejection from the working 
fluid in the condenser, the mass flow rate of geothermal water at the preheater, and the thermal efficiency of the Level I 

cycle of this plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The exit temperature of geothermal water from the vaporizer is determined from the steady-flow energy 
balance on the geothermal water (brine), 
Oorine = Morine€ p (T, a Tı ) 
-22,790,000 Btu/h = (384,286 Ibm/h\1.03 Btu/Ibm -°F\T, —325°F) 
T, = 267.4°F 
(b) The rate of heat rejection from the working fluid to the air in the condenser is determined from the steady-flow energy 
balance on air, 
Orie z MairC p (T, -T;) 
= (4,195,100 Ibm/h\(0.24 Btu/lbm - °F (84.5 — 55°F) 
= 29.7 MBtu/h 
(c) The mass flow rate of geothermal water at the preheater is determined from the steady-flow energy balance on the 
geothermal water, 
Ò seo = M geo p (Tou z T; ) 
-11,140,000 Btu/h = 7 so (1.03 Btu/lbm - °FX154.0—211.8°F) 
M gso = 187,120 Ibm/h 


(d) The rate of heat input is 


Òn z Oiz + OPRITA = 22,790,000 +1 1,1 40,000 


= 33,930,000 Btu /h 
and 


Wa = 1271-200 =1071 kW 


Then, 


ih Ss 


1071 kW 3412.14 Btu 
Qin 33,930,000 Btu/h 


=10.8% 
1 kWh 
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10-98 A steam power plant operating on an ideal Rankine cycle with two stages of reheat is considered. The thermal 


efficiency of the cycle and the mass flow rate of the steam are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


hy =A; @ 30 kpa = 289-18 KJ/kg 


1kJ 
= (0.001022 m°/kg (10,000 —30 kPa = 
1kPa-m 
=10.19 kJ/kg 


hy =h, + Wy in = 289.18 + 10.19 = 299.37 kJ/kg 


Wp in = 4 (P) - P,) 


P, =10 MPa | h; = 3500.9 kJ/kg 
T} =550°C Ís, =6.7561 kJ/kg -K 


fy =A MPa | y 23500 ke 


S4 = S3 


=3559.7 kJ/kg 
S5 = 7.2335 kJ/kg: K 


P, =4 MPa 
T; = 550° 


he =3321.1 kJ/k 
PAN 6 =33 kJ/kg 


=2 MPa | h; =3578.4 kJ/kg 
T, =550°C J s, =7.5706 kJ/kg -K 

-Sf _ 7.5706- 0.9441 

S 6.8234 

hg =h; + Xgh p =289.27 + (0.971 1\(2335.3)= 2557.1 kJ/kg 


=0.9711 


P; =30 kPa 


Sg = S7 


ee 


cfs 
a 
Is 


Then, 
Gin =(hs — hy) + (hs — hy) + (hy -= he) 
= 3500.9 — 299.37 + 3559.7 — 3204.9 + 3578.4 — 3321.1 = 3813.7 kJ/kg 
Gout = hg — hy = 2557.1— 289.18 = 2267.9 kJ/kg 
Waet = fin — Vout = 3813.7 — 2267.9 = 1545.8 kJ/kg 
Thus, 


Ww 


net _ 1545.8 kJ/kg 
in 3813.7 kJ/kg 


= 0.4053 = 40.5% 


Vin = 


(b) The mass flow rate of the steam is then 


Woe _ 75,000 K/S _ ges kgls 


1545.8 kJ/kg 


Wiet 
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10-99 A steam power plant operating on the ideal Rankine cycle with reheating is considered. The reheat pressures of the 
cycle are to be determined for the cases of single and double reheat. 
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) Single Reheat: From the steam tables (Tables A-4, A-5, and A-6), 
P, =10 kPa E = hy + Xl g =191.81 + (0.92(2392.1) = 2392.5 kJ/kg 


xg =0.92 Í S6 =Sp + X68 pe = 0.6492 + (0.92)7.4996) = 7.5488 kI/kg-K 
15 = 000°C | p= 2780 kP T 
85 = 5 ae 3 SINGLE 3 
600°C 
(b) Double Reheat: 
P, =25 MPa 
T, = 600°C Iss = 6.3637 kJ/kg -K 
P, = P, P; = P: 
gee, T se 


S S 


Any pressure P, selected between the limits of 25 MPa and 2.78 MPa will satisfy the requirements, and can be used for the 
double reheat pressure. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-102 


10-100 An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis 


Boiler 


l-y 
7 


Condenser 


(a) From the steam tables (Tables A-4, A-5, and A-6), 


h =hy @10kPa = 1918 1kJ/kg 


Wain=4(B -R)/n, ik 
= (0.00 1 o1m/kgls 00-10 wr (0.95) 


Pa- m? 
=0.52kJ/kg 
h =h Wolin = 191.81+0.52 = 19233 kJ/kg 


satliquid Í ¥ =V; @05 mpa = 0.001093 m’/kg 


WolLin — 43 (P, ~ P)/np 
= (0.001093 m3/kg 10,000 - 500 eraf 22 09) 


a:m 
= 10.93 kJ/kg 
h4 = h, + Wiin = 640.09 + 10.93 = 651.02 kI/kg 


Ps =10 MPa | hs =3375.1 kJ/kg 
T; =500°C fs; =6.5995 kJ/kg: K 


S6s TS ‘ = 
ss Sf _6.5995-1.8604 o 9554 


ree 
P., =0.5 MP O sg SRODA 
ai j Z =h; + Xesh =640.09 + (0.9554)(2108.0) 
ore = 2654.1 kJ/kg 
hs -h 
Me a > he =hs -nr (hs — hes) 
pes = 3375.1 — (0.803375.1- 2654.1) 


= 2798.3 kJ/kg 
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87s Sf _ 6.5995- 0.6492 


X75 = 0.7934 
ibe yee S fo 7.4996 
Ts 7 S = 
ae, bins =hy +x7,hg =191.81+(0.7934(2392.1) 
` = 2089.7 kJ/kg 
h; —h 
ae > hy =h; — nr (hs — hy.) 
A =3375.1 — (0.80)(3375.1 — 2089.7) 
= 2346.8 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Ò =W = Ake= Ape=0, 


: z 2 #0 (stead 
Bin = E out = AE system eee 0 

Ein = E out 
S rh, = X rnehe —> rnghe + h, = zh, —> yhe + (1- y)h, = (hy) 


where y is the fraction of steam extracted from the turbine (= mę / m ). Solving for y, 


hyhy _ 640.09 -192.33 _ 9 a9 


hg —hy 2798.3 -192.33 


Then, qin = hs — hg = 3375.1 — 651.02 = 2724.1 kJ/kg 
dour = (1- yÅ% — fy) = (1- 0.1718)(2346.8 — 191.81) = 1784.7 kJ/kg 
Waet = Yin — Vout = 2724.1- 1784.7 = 939.4 kJ/kg 


and 


Wet 150,000 KJ/s 
939.4 kJ/kg 


= 159.7 kg/s 


Wnet 


(b) The thermal efficiency is determined from 


1784.7 KJ/k 
dow _1_ 17847 kiiks _ 3, 50% 


1 
di din 2724.1 kJ/kg 
Also, 


P, =0.5 MPa 


56 = 6.9453 kJ/kg -K 
he = 2798.3 kJ/kg 


S3 = Sf @05 MPa — 1.8604 kJ/kg -K 
S2 = S1 =S f @10 kPa = 0.6492 kJ/kg : K 


Then the irreversibility (or exergy destruction) associated with this regeneration process is 


0 
Legen = ToS gen HT mese- Sims oa =Tylss JS6 (1 y)s] 
= (303 K)[1.8604 —(0.1718)(6.9453)—(1—0.1718)(0.6492)] 


= 39.25 kJ/kg 
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10-101 An 150-MW steam power plant operating on an ideal regenerative Rankine cycle with an open feedwater heater is 
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility 
associated with the regeneration process are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis 


Boiler 


es 
r 


4 Open Condenser 
fwh 
Om 


(a) From the steam tables (Tables A-4, A-5, and A-6), 


Wpl,in = V1 (P, -P) lk 
= (0.00101 m3/kg\500-10 kPa} ——— | = 0.50 kJ/kg 
1kPa-m 
hy = hy + Win =191.81+ 0.50 = 192.30 KJ/kg 


P, =0.5 MPa | 43 =7 @0.5 mpa = 640.09 kJ/kg 
sat.liquid ¥3 =V; @os mpa = 0.001093 m*/kg 


, - P,) 


a Anite: m°/kg (10,000 — 500 kPa i = 10.38 kJ/kg 
1kPa-m 


= 640.09 + 10.38 = 650.47 kJ/kg 


Wohi in = 


hy =h, + Wpll,in 


P; =10 MPa i = 3375.1 kJ/kg 

T; = 500°C J s; = 6.5995 kJ/kg -K 

56-87 _ 6.5995 -1.8604 
Sj 4.9603 

he, = hy + Xoh g = 640.09 + (0.9554 (2108.0) = 2654.1 kJ/kg 


57-S¢ _ 6.5995 — 0.6492 
S fe 7.4996 
hy = hy + xh = 191.81 + (0.7934\2392.1) = 2089.7 kJ/kg 


= 0.9554 


P, =0.5 MPa | %6 = 
S6 = S5 


P, =10 kPa ie 7 = 0.7934 


S7 = S5 


The fraction of steam extracted is determined from the steady-flow energy equation applied to the feedwater heaters. Noting 
that O=W = Ake = Ape=0, 


Ein - É o T AB yp lee =0 > Evy = Eo 
S nh; = $ ehe — tehe + mh, = zh, — yh +1- yh = I(h) 
where y is the fraction of steam extracted from the turbine (= mę / m, ). Solving for y, 
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hy -h 09 — 192. 
y als ha _ 640.09 -192.31 _ 9 1949 
hg —hy  2654.1—192.31 


Then, qin = hs — h4 = 3375.1 - 650.47 = 2724.6 kJ/kg 
out = (1- y Kh — Ay) = (1- 0.1819 (2089.7 — 191.81) = 1552.7 kI/kg 
Waet = Gin — Gout = 2724.6 - 1552.7 = 1172.0 kJ/kg 


150,000 kJ/s 
1171.9 kJ/kg 


and Hnt 


= 128.0 kg/s 


Wnet 


(b) The thermal efficiency is determined from 


1552. k 
Nin =1- out _ jee Le 43.0% 
in 2724.7 kJ/kg 


Also, 
S6 =S5 =6.5995 kJ/kg : K 
S3 =S f @o0.5 MPa = 1-8604 kJ/kg : K 
S2 = 51 =S f @10 kPa = 0.6492 kJ/kg -K 


Then the irreversibility (or exergy destruction) associated with this regeneration process is 


#0 
Liegen = ToS gen on mes ola |-nbs JS6 (1 yb] 
= (303 K)[1.8604 - (0.1819X(6.5995)- (1 - 0.1819 0.6492] 


= 39.0 kJ/kg 
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10-102 An ideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6), 


h =h; @15 kpa = 225.94 kJ/kg 
Vi =V; @15s kpa = 0.001014 m°/kg 


Wpl,in = Y1 (P, -P) ig 
= (0.001014 m°/kg {600-15 kPa) ———— 
1 kPa- m? 
= 0.59 kJ/kg 
hy = hy + Wo in = 225.94 + 0.59 = 226.53 kJ/kg 


P; = 0.6 MPa le = hy @ 0.6 MPa = 670.38 kJ/kg 


sat. liquid V3 =V f @06MPa = 9.001101 m*/kg 
Wpllin — ¥3 (P, T P) LkI 
= (0.001 101 m?/kg (10,000 — 600 kPa) — 
1kPa-m 
= 10.35 kJ/kg 


h4 = h + Wiin = 670.38 + 10.35 = 680.73 kJ/kg 


P, =10 MPa | As = 3375.1 kJ/kg 
=500°C J s; = 6.5995 kJ/kg -K 


P; =1.0 MPa hs = 2783.8 kJ/kg 


S6 = S5 


=1.0 MPa a = 3479.1 kJ/kg 
= 500°C = 7.7642 kJ/kg -K 


P, = 0.6 MPa hg = 3310.2 kJ/kg 
Sg oad S7 
Sy—Sp 7.7642 —0.7549 
a y = SOS _ 1:1642 -0.7549 09665 
> =15 kPa } 9 Sp 7.2522 
So = S7 ; 


hy = h; + Xgh p = 225.94 + (0.96652372.3) = 2518.8 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Oz=W = Akez Ape z0, 


Ein - Bou = AE a =0 > Ein = Bai 


syste: 


Yih; = Xo nehe —> tinghg + rityhy = zh, —> yh +(1- y)h, = I(h;) 
where y is the fraction of steam extracted from the turbine (= mg / m, ). Solving for y, 


huh _ 670.38-226.53 _ 9 a4y 


hg—hy 3310.2- 226.53 


(b) The thermal efficiency is determined from 
din = (hs -h4 )+ (h; — he )= 3375.1- 680.73)+ (3479.1 - 2783.8) = 3389.7 kJ/kg 
dou = (1- yho — h )= (1-0.1440)(2518.8 — 225.94) = 1962.7 kJ/kg 


uit’ 542 19627 MINE oo aap 
din 3389.7 kJ/kg 


and My = 1 
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10-103 A nonideal reheat-regenerative Rankine cycle with one open feedwater heater is considered. The fraction of steam 
extracted for regeneration and the thermal efficiency of the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis 


l-y 
9 
er 


i 8 


y 
4 Open Condens 
fwh 
r 1 
Tag. 


(a) From the steam tables (Tables A-4, A-5, and A-6), 


hy = hr@ 15 kPa 7 225.94 kJ/kg 
Vi =V s@ 15 kpa = 0.001014 m*/kg 


W prin = ¥1(P, -P ) [ ix 


= (0.001014 m°/kg 600-15 kPa 


= 0.59 kJ/kg 
h, =h, + Wp in = 225.94 + 0.59 = 226.54 kJ/kg 


1 kPa-m° 


pl,in 


sat. liquid V3 =Y4/@06 MPa = 0.001101 m?/kg 


Wpll,in = V3 (P, "y P) lk 
= (0.001101 m3/kg}10,000 - 600 kPa) —"— 
1kPa-m 


= 10.35 kJ/kg 
h4 = ly + Wontin = 670.38 + 10.35 = 680.73 kJ/kg 


P, =10 MPa r = 3375.1 kJ/kg 


T; =500°C Í s; = 6.5995 kJ/kg: K 
T MES |i = 2783.8 kJ/kg 
S65 = 55 
hs —h, 
wS a > hg = hs —nr (hs — hes) 
be 6s = 3375.1 — (0.84)(3375.1 — 2783.8) 


= 2878.4 kJ/kg 


P, =1.0 MPa | h = 3479.1 kJ/kg 
T, =500°C Í s, = 7.7642 kJ/kg -K 


Rs = 0.6 MPa } hg, = 3310.2 kJ/kg 

Sgs = $7 
h — hg 

nr = —> k= h- nrlh, z hg.) = 3479.1 — (0.84\3479.1 nae 10.2) 
h, — hg, = 3337.2 kJ/kg 
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Sos Sf _ 7.1642 — 0.7549 


Py, =15 kPa | Xos = . = 0.9665 
fees 7.2522 
i ho; =h; + Xosh p =225.94 + (0.9665)(2372.3)= 2518.8 kJ/kg 
h -h 
Nr Sy, > hg = h} — nr (hy — ho, )= 3479.1 — (0.84) 3479.1 — 2518.8) 
7~ "9s = 2672.5 kJ/kg 


The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater 
heaters. Noting that Ò =W = Ake= Ape = 0, 


A : . Joia 
Ein ~ E out = AE system Cr 0 

En E E ot 
$ inh; = $ hhe —> tinghg + hh, = hh, —> yhg + (I= y)h, = 1(h) 


where y is the fraction of steam extracted from the turbine (= mg / m; ). Solving for y, 


= =h _ 670.38- 226.53 
hg—hy 3335.3 — 226.53 


= 0.1427 


(b) The thermal efficiency is determined from 
Gin = (hs a hy)+ (h = hg) 
= (3375.1 —680.73)+ (3479.1 — 2878.4) = 3295.1 kJ/kg 
out = (1— y hg — h, ) = (1 - 0.1427 2672.5 — 225.94) = 2097.2 kJ/kg 


and 


Gout _ 1 2097.2 KKE _ a6 aug 


1 
tS Sg BOOS Like 
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10-104 A steam power plant operating on the ideal reheat-regenerative Rankine cycle with three feedwater heaters is 
considered. Various items for this system per unit of mass flow rate through the boiler are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


High-P 


5 Low-P 
Turbine 


Turbine 


E n 
17 
15 
18 Condenser 
Open 
PI FWH 
OA 


Analysis The compression processes in the pumps and the expansion processes in the turbines are isentropic. Also, the state 
of water at the inlet of pumps is saturated liquid. Then, from the steam tables (Tables A-4, A-5, and A-6), 


h, =168.75 kJ/kg hy; =3423.1 kJ/kg 
hy = 168.84 kJ/kg Iyg =3204.5 kJ/kg 


h, =417.51 kJ/kg hs =3063.6 kJ/kg 


hy = 419.28 kJ/kg 

yg = 2871.0 kJ/k 
h; = 884.46 kJ/kg fj a es 
he = 885.86 kJ/kg 17 = : g 
hy =1008.3 kJ/kg hig = 2891.5 kJ/kg 


hio =1011.8 kJ/kg hig =2454.7 kJ/kg 


For an ideal closed feedwater heater, the feedwater is heated to the exit temperature of the extracted steam, which ideally 
leaves the heater as a saturated liquid at the extraction pressure. Then, 


P, =1800 kPa 

h; =884.91 kJ/kg 
T, =T; =207.1°C 
Pı =3000 kPa 


hy =1008.8 kJ/kg 
T, =T} = 233.9°C 


Enthalpies at other states and the fractions of steam extracted from the turbines can be determined from mass and energy 
balances on cycle components as follows: 
Mass Balances: 

x+y+z=l1 

m+n=z 

Open feedwater heater: 

mhg + nh, = zh, 
Closed feedwater heater-II: 


zh + yh; = zh, + yh; 
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Closed feedwater heater-I: 
(y+z)hg +xhyy = (y+ z)h +xhg 
Mixing chamber after closed feedwater heater I: 
zh, + yhe =(y+z)hg 
Mixing chamber after closed feedwater heater I: 


xhyy +(V+z)Ay, = Thy, 


Substituting the values and solving the above equations simultaneously using EES, we obtain 
hg = 885.08 kJ/kg 
hy, = 1009.0 kJ/kg 
x = 0.05334 
y =0.1667 
z = 0.78000 
m = 0.07124 
n = 0.70882 
Note that these values may also be obtained by a hand solution by using the equations above with some rearrangements and 
substitutions. Other results of the cycle are 
WT,ousup = (M3 — h4) + (hg — hs) + z(h — 6) = 502.3 kJIkg 
Wr ou, Le = Mhz — hg) +n(h7 — ho) = 769.6 kJ/kg 
qin = hi3 — hi2 + z(h; — hye) = 2890 kJ/kg 
Gout = (Ay9 — h) =1620 kJ/kg 
dout 1620 


1 0.4394 = 43.9% 
din 2890 


Mn =1 
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EES 
10-105 The optimum bleed pressure for the open feedwater heater that maximizes the thermal efficiency of the cycle 
is to be determined using EES. 


Analysis The EES program used to solve this problem as well as the solutions are given below. 


"Given" 

P_boiler=6000 [kPa] 
P_cfwh1=3000 [kPa] 
P_cfwh2=1800 [kPa] 
P_reheat=800 [kPa] 
"P_ofwh=100 [kPa]" 
P_condenser=7.5 [kPa] 
T_turbine=500 [C] 


"Analysis" 
Fluid$='steam_iapws' 


"turbines" 

h[13]=enthalpy(Fluid$, P=P_boiler, T=T_turbine) 
s[13]=entropy(Fluid$, P=P_boiler, T=T_turbine) 
h[14]=enthalpy(Fluid$, P=P_cfwh1, s=s[13]) 
h[15]=enthalpy(Fluid$, P=P_cfwh2, s=s[13]) 
h[16]=enthalpy(Fluid$, P=P_reheat, s=s[13]) 
h[17]=enthalpy(Fluid$, P=P_reheat, T=T_turbine) 
s[17]=entropy(Fluid$, P=P_reheat, T=T_turbine) 
h[18]=enthalpy(Fluid$, P=P_ofwh, s=s[17]) 
h[19]=enthalpy(Fluid$, P=P_condenser, s=s[17]) 


"pump |" 

h[1]=enthalpy(Fluid$, P=P_condenser, x=0) 
v[1]=volume(Fluid$, P=P_condenser, x=0) 
w_pl_in=v[1]*(P_ofwh-P_condenser) 
h[2]=h[1]+w_pl_in 


"pump II" 

h[3]=enthalpy(Fluid$, P=P_ofwh, x=0) 
V[3]=volume(Fluid$, P=P_ofwh, x=0) 
w_pll_in=v[3]*(P_cfwh2-P_ofwh) 
h[4]=h[3]+w_pll_in 


"pump III" 

h[5]=enthalpy(Fluid$, P=P_cfwh2, x=0) 
T[5]=temperature(Fluid$, P=P_cfwh2, x=0) 
v[5]=volume(Fluid$, P=P_cfwh2, x=0) 
w_plll_in=v[5]*(P_cfwh1-P_cfwh2) 
h[6]=h[5]+w_plll_in 


"pump IV" 

h[9]=enthalpy(Fluid$, P=P_cfwh1, x=0) 
T[9]=temperature(Fluid$, P=P_cfwh1, x=0) 
v[9]=volume(Fluid$, P=P_cfwh1, x=0) 
w_p4_in=v[5]*(P_boiler-P_cfwh1) 
h[10]=h[9]+w_p4_in 


"Mass balances" 
x+y+z=1 
m+n=z 
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"Open feedwater heater" 
m*h[18]+n*h[2]=z*h[3] 


"closed feedwater heater 2" 

T[7]=T[5] 

h[7]=enthalpy(Fluid$, P=P_cfwh1, T=T[7]) 
z*h[4]+y*h[15]=z*h[7]+y*h[5] 


"closed feedwater heater 1" 

T[11]=T[9] 

h[11]=enthalpy(Fluid$, P=P_boiler, T=T[11]) 
(y+z)*h[8]+x*h[1 4]=(y+z)*h[1 1J+x*h[9] 


"Mixing chamber after closed feedwater heater 2" 
2*h[7]+y*h[6]=(y+z)*h[8] 


"Mixing chamber after closed feedwater heater 1" 
x*h[10]+(y+z)*h[1 1J=1*h[12] 


"cycle" 
w_T_out_high=x*(h[13]-h[14])+y*(h[13]-h[15])+z*(h[13]-h[16]) 
w_T_out_low=m*(h[17]-h[18])+n*(h[1 7]-h[19]) 
g_in=h[13]-h[12]+z*(h[17]-h[16]) 

g_out=n*(h[19]-h[1]) 

Eta_th=1-q_out/q_in 


P open fwh Nth 0.44 
[kPa] 
10 0.429828 
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20 0.433780 
30 0.435764 F 
40 0.436978 0.436 


50 0.437790 
60 0.438359 


70 0.438768 
80 0.439065 


Nth 


90 | 0.439280 aes 
100 | 0.439432 
110 | 0.439536 f 
120 | 0.439602 0.43 


130 0.439638 
140 0.439647 
150 0.439636 
160 0.439608 
170 0.439565 
180 0.439509 
190 0.439442 
200 0.439367 
210 0.439283 
220 0.439192 
230 0.439095 
240 0.438993 
250 0.438887 
260 0.438776 
270 0.438662 
280 0.438544 
290 0.438424 
300 0.438301 


0 50 100 


150 200 250 
Pofwh [kPa] 
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10-106 A cogeneration plant is to produce power and process heat. There are two turbines in the cycle: a high-pressure 
turbine and a low-pressure turbine. The temperature, pressure, and mass flow rate of steam at the inlet of high-pressure 


turbine are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the steam tables (Tables A-4, A-5, and A-6), 


P, =1.4 MPa hy =h, @14MPa = 2788.9 kJ/kg 
sat. vapor S4 =S @14MPa = 9.4675 kJ/kg -K 


Sas ~S¢ _ 6.4675 — 0.6492 
7.4996 


=0.7758 


Xss = 


P. =10 kPa Sse 
5 Jis =hy +Xshy 


RA =191.81 + (0.7758\2392.1)= 2047.6 kJ/kg 
"t s > hs =h, — nr (h4 — hs, ) 
4 T hss = 2788.9 — (0.60)\(2788.9 — 2047.6) 
= 2344.1 kJ/kg 


1r = 


and 

Wiurb low = 14 — hs = 2788.9 — 2344.1 = 444.8 kJ/kg 

Tittowturd = an = TTA =1.799 kg/s =107.9 kg/min 
Therefore , 


ital =1000 +108 =1108 kg/min = 18.47 kgls 


Weurs.r _ 1000 KJ/s 


w. igh — 
turb,high Tit nigh, turb 18.47 kg/s 


=54.15 kJ/kg = h; — h, 


hs = Wib high + h4 = 54.15 + 2788.9 = 2843.0 KJ/kg 


h, -h 
Np => — —> hy = hs - (hg -h4 )/ nr 


hy — has = 2843.0 — (2843.0 —2788.9)/(0.75) 
= 2770.8 kJ/kg 

hy, —hy _ 2770.8 -829.96 
h; 1958.9 


g 
Sgs =S f $X4.8 p = 2.2835 + (0.9908 4.1840) = 6.4289 kJ/kg - K 
4s of 4s? fg 


= 0.9908 


Py, =1.4 MPa | X45 = 
S45 = S83 


Then from the tables or the software, the turbine inlet temperature and pressure becomes 


h, =2843.0 kJ/kg | P, =2 MPa 
s3 = 6.4289 kJ/kg -K Í T} = 227.5°C 
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10-107 A cogeneration plant is to generate power and process heat. Part of the steam extracted from the turbine at a 
relatively high pressure is used for process heating. The rate of process heat, the net power produced, and the utilization 
factor of the plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Q process 


; 20 kPa 
vV.: 7 
Qout 


Analysis From the steam tables (Tables A-4, A-5, and A-6), 


hi =hr@ 20 kPa = 251.42 kJ/kg 
Vi =V; @20kPa = 0.001017 m°*/kg 


Wotin = 41 (P, -P,)/ny 
> 1KJ 
= (0.001017 m /kg {2000-20 kPa ae /0.88 
1kPa 
= 2.29 kJ/kg 


h, = h, + Wom = 251.42 +2.29 = 253.71 kJ/kg 


pLin 
h, = hy @ 2 MPa = 908.47 kJ/kg 


Mixing chamber: 
mh, + mMyh, — m4h, 


(4 kg/s)(908.47 kJ/kg) + (1 1—4 kg/s)(253.71 kJ/kg)) = (11 kg/s)h, ——> hy = 491.81 kJ/kg 


V4 = Vf @ h -491.81 Wkg = 0-001058 m*/kg 


WlLin 7 v,(P; -P,)/ 1p T 
= (0.001058 m3/kg (8000 — 2000 kPa Sea /0.88 
1kPa-m 
= 7.21 kJ/kg 


hs = h4 + W piin 


= 491.81 + 7.21 = 499.02 kJ/kg 


T; =500°C Í s6 =6.7266 kJ/kg -K 


P,=2MP 
7 ; | = 3000.4 kI/kg 
S7 = S6 
he -h 
i= > hy = hg —n7 (hg — h7, )= 3399.5 — (0.88 {3399.5 — 3000.4) = 3048.3 kJ/kg 
6” "7s 
P, = 20 kP 
a eens bh = 2215.5 kJ/kg 
Seg = S6 
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Mk; > hg = hs —nr (he — hg, )= 3399.5 — (0.88\(3399.5 — 2215.5) = 2357.6 kJ/kg 


ae 
Then, 
Q process = 7 (hy — h; )= (4 kg/s 3048.3 - 908.47) kJ/kg = 8559 kW 
(b) Cycle analysis: 
We out = lity (hg — h; )+ rg (hg —hg ) 
= (4 kg/s (3399.5 —3048.3)kJ/kg + (7 kg/s\(3399.5 — 2357.6 )kI/kg 
= 8698 kW 
Win = ti Worin + 124 Wottin = (7 ke/s 2.29 kI/kg)+ (11 kg/s)(7.21 kI/kg) = 95 kW 
Weer = Wr ou —W pin = 8698-95 = 8603 kW 
(c) Then, 
Qin = rns (hg —hs )= (11 kg/s{3399.5 — 499.02) = 31,905 kW 
and 


Waet + Qprocess 8603 +8559 
“ On 31,905 


= 0.538 = 53.8% 


E 
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10-108E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable for Brayton cycle. 3 
Kinetic and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm:-R and k= 1.4 (Table A-2Ea). 


Analysis Working around the topping cycle gives the following results: 


(k-1)/k 

P, 

Tes =T; (Z = (540 R)(10)°*"4 =1043 R 
5 


2560 R 


1c = = 
he -hs c, (Ts -Ts) 


Nc 


= 540 + 1043-5% 590K 
0.90 


P (k-1)/k 1 0.4/1.4 
Tg, =T} 6 = (2560 e2) =1326R 
7 


hy —hg us cp (7; -T;) 


> Tg =T3 -r (T; -Tgs) 
h7 = hgs cp (T1 -Tgs) 


= 2560 — (0.90)(2560 — 1326) 
=1449R 


1r = 


To = Tea @800psia +50 = 978.3R +50 =1028R 


Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
hy =hy@ s5psia = 130.18 Btu/lbm 
Vi =p @spsia = 0.01641 ft? bm 


Wp,in = YI (P-A) 
1Bt 
= (0.01641 ft? /Ibm)(800 Spi ts 


5.404 psia - ft? 
= 2.41 Btu/lbm 
hy =h, + Wy in = 130.18 + 2.41 = 132.59 Btu/lbm 


P, =800psia | h, =1270.9 Btu/lbm 
T, = 600°F S3 = 1.4866 Btu/Ilbm-R 


P, =5 psia 
ae | h4, =908.6 Btu/Ibm 
S4 = S3 
h; -h4 
= >hy = h; -Nr (hz -h 
T hy has 4 =h; =r (h; — has) 


= 1270.9 — (0.95)(1270.9 —908.6) 
= 926.7 Btu/lbm 


The net work outputs from each cycle are 


Wnet, gas cycle = WT,out — “C,in 
=c, (1, -Tg)-¢, (16 —Ts) 
= (0.240 Btu/Ibm - R)(2560 — 1449 — 1099 +540)R 
= 132.5 Btu/lbm 
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Waet, steam cycle = WT out = WP in 
= (h3 -h4)- WP in 
= (1270.9-926.7)-2.41 
= 341.8 Btu/lbm 


An energy balance on the heat exchanger gives 


_ €y (Tg -T9) vin, = (0-240)(1449 - 1028) 


m c „(Ts —Ty)=m,,(hi-h >My a 
a€ p (Tg = To) = tty (Itg-hy) 0 od 1270.9 —132.59 


= 0.08876m, 


That is, | Ibm of exhaust gases can heat only 0.08876 Ibm of water. Then the heat input, the heat output and the thermal 
efficiency are 


m 


Yin = 4 c (Ty ~T) = (0.240 Btu/lbm - R)(2560—1099)R = 350.6 Btu/lbm 
M 
Ma My 
Aout = — cp (T T;)+ p (hy h) 
Ma Ma 
= 1x (0.240 Btu/lbm - R)(1028 — 540)R + 0.08876 x (926.7 —130.18) Btu/lbm 
=187.8 Btu/lbm 
ny =1-2 =1- 1828 0.4643 
din 350.6 
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10-109E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The thermal efficiency of the cycle is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable fo Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas with constant specific heats. 


Properties The properties of air at room temperature are 
Cp = 9.240 Btu/Ibm-R and k= 1.4 (Table A-2Ea). 


Analysis Working around the topping cycle gives the 
following results: 2560R 


(k-1)/k 
Tes = T5 6 = (540 R)(10)°*!4 =1043 R 


1c = = 
he -hs c, (Ts -Ts) 
Tes T; 
— >) T; =T; +— 
Nc 
1043-540 


= 540 + =1099R 
0.90 


P (k-1)/k 1 0.4/1.4 
h =T (2 = (2560 e2) =1326 R 
7 


hy —hg _ c, (7; —Ty) 
h = hgs c, (73 -Tzs ) 


> T; =T; -nr (T; -Ts ) 
= 2560 — (0.90)(2560 — 1326) 
=1449R 


Vr = 


Fixing the states around the bottom steam cycle yields (Tables A-4E, A-5E, A-6E): 
h = hr@ 10 psia = 161.25 Btu/Ibm 
Vi =V p@topsia = 0.01659 ft* /Ibm 


Wp,in = v (P-P) 
1Bt 
= (0.01659 ft? /lbm)(800 - 10)psia Ea 


5.404 psia - ft? 
= 2.43 Btu/lbm 
hy =h; +Wpin =161.25+ 2.43 =163.7 Btu/lbm 


P, =800psia | h, =1270.9 Btu/lbm 
T, = 600°F S3 = 1.4866 Btu/Ilbm-R 


P, =10psia 
h4, = 946.6 Btu/Ibm 
S4 = 53 
h, -h 
Nr eo — hy = h; -nr (hs —hħ4s) 
3 As 


= 1270.9 — (0.95)(1270.9 — 946.6) 
= 962.8 Btu/lbm 


The net work outputs from each cycle are 
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Wret, gas cycle — WT out — “Cin 
=c, Ts) cp (Ts Ts) 
= (0.240 Btu/Ibm- R)(2560 — 1449 — 1099 +540)R 
= 132.5 Btu/lbm 


Waet, steam cycle E WT out P WP in 


=(h; -h4)- WP in 
= (1270.9 — 962.8) — 2.43 
= 305.7 Btu/Ibm 


An energy balance on the heat exchanger gives 


_ €y (Tg —Ty) vin — (02401449 = 1028) 
ne ee ee 1270.9-163.7 


mac „(Tg —T)) = mt,, (hy hy) —> ma = 0.091261, 


That is, 1 Ibm of exhaust gases can heat only 0.09126 Ibm of water. Then the heat input, the heat output and the thermal 
efficiency are 


qin = =£ c (Ty - T6) = (0.240 Btu/Ibm - R)(2560—1099)R = 350.6 Btu/lbm 
Ma 


Ma My 
dout En cp (T T;)+ 5 (hg h) 


= 1x (0.240 Btu/lbm - R)(1028 — 540)R + 0.09126 x (962.8 — 161.25) Btu/Ibm 
=190.3 Btu/lbm 


Jou __ 1993 _ 9 4573 


din 350.6 


Min =1 


When the condenser pressure is increased from 5 psia to 10 psia, the thermal efficiency is decreased from 0.4643 to 0.4573. 
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10-110E A combined gas-steam power cycle uses a simple gas turbine for the topping cycle and simple Rankine cycle for 
the bottoming cycle. The cycle supplies a specified rate of heat to the buildings during winter. The mass flow rate of air and 


the net power output from the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air- 
standard assumptions are applicable to Brayton cycle. 3 Kinetic 
and potential energy changes are negligible. 4 Air is an ideal gas 
with constant specific heats. 


Properties The properties of air at room temperature are 
Cp = 9.240 Btu/Ibm-R and k= 1.4 (Table A-2Ea). 


Analysis The mass flow rate of water is 


om. A 
E Q buildings _ 2x10° Btu/h = 2495 Ibm/h 
h,—h,  (962.8-161.25) Btu/Ibm 


m 


The mass flow rate of air is then 


rin, =~ — = 29 _ 27,340 Ibmih 
0.09126 0.09126 


The power outputs from each cycle are 


Wnet, gas cycle 7 Ma (Wr out = Wc in ) 
=m,c,(T; —1,)-m,c, (T6 =15) 


= (27,340 lbm/h)(0.240 Btu/lbm - R)(2560 — 1449 — 1099 + sof 


=1062 kW 
W iet, steam cycle — Ma (WT, out = Wp in) 


=m,(h3 -h4 — Wp in ) 


= (2495 lbm/h)(1270.9 — 962.8 249) 
=224 kW 
The net electricity production by this cycle is then 


W.., =1062 +224 = 1286 kW 


net 


3412.14 Btu/h 
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10-111 A combined gas-steam power plant is considered. The topping cycle is an ideal gas-turbine cycle and the bottoming 

cycle is an ideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 

thermal efficiency of the combined cycle are to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 

with variable specific heats. 

Analysis (a) The analysis of gas cycle yields T 
T, =310K > h, =310.24 kJ/kg 

P,, =1.5546 


_ = (12)(1.5546)= 18.66 —> hg = 630.18 kJ/kg 


rg r. 


P; 
P, =P 
P; 


Ty =1400 K —> hg =1515.42 kJ/kg 
P, =450.5 


P 1 
P E rae -( 5 |s05)- 37.54 —> ho = 768.38 kJ/kg 
9 


T,, =520K > hy, =523.63 kJ/kg 
From the steam tables (Tables A-4, A-5, and A-6), 
hy =h; @ wpa = 191.81 KJ/kg 310K 


11 STEAM 
CYCLE 4 
10 kPa 

Vv 


Vi =V; @iokra =9.00101 m*/kg oe 


1kJ 


Wot in =" (P, - B,)= (0.00101 m3/kg\12,500 -10 kPa) ———— |=12.62 kJ/kg 
, 1kPa-m 


hy = hy + Woy in =191.81 + 12.62 = 204.42 kJ/kg 
P, =12.5 MPa ie = 3343.6 kJ/kg 


T} =500°C Ís} = 6.4651 kJ/kg -K 
TaT AMEA 2 = 2909.6 kJ/kg 
S4 = S3 


P, =2.5 MPa] h; =3574.4 kJ/kg 
T; =550°C Ís; = 7.4653 kJ/kg -K 


—S¢ _ 7.4653 — 0.6492 
Sf 7.4996 
he =h; + xh p =191.81 + (0.9089 2392.1) = 2365.8 kJ/kg 


= 0.9089 


S6 
P, =10 kPa a = 


S6 =S5 


Noting that Ò = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 
Ein = Eg —> È minh, =$ ehe > Ti, (hs hy) = mair (hio =h) 
h, -h — 
a =, = SeA AE (12 kg/s)= 153.9 kg/s 
ho~; ` 768.38 — 523.63 


(b) The rate of total heat input is 
Qin = Oair + Q reheat s Mair (ho F hg)+ M reheat (hs P hy) 
= (153.9 kg/s)(1515.42 — 630.18) kJ/kg + (12 kg/s {3574.4 — 2909.6)kJ/kg 
= 144,200 kW 
~1.44x10° kw 
(c) The rate of heat rejection and the thermal efficiency are then 
Qout O cae F O utsien =h air (h = hy )+ ms (hs z hy ) 
= (153.9 kg/s\('523.63 — 310.24) kJ/kg + (12 kg/s (2365.8 - 191.81) kJ/kg 
= 58,930 kW 
; Oou 1 _ 58,930 kW 
Òn 144,200 kW 


m 


=0.5913 = 59.1% 


1th 
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10-112 A combined gas-steam power plant is considered. The topping cycle is a gas-turbine cycle and the bottoming cycle 
is a nonideal reheat Rankine cycle. The mass flow rate of air in the gas-turbine cycle, the rate of total heat input, and the 
thermal efficiency of the combined cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal gas 
with variable specific heats. 


Analysis (a) The analysis of gas cycle yields (Table A-17) 


T, =290 K —> h; = 290.16 kJ/kg 
P =1.2311 


Rs 
P= - P., = (81.2311) = 9.849 —> hg, = 526.12 kJ/kg 


hg, —h 
nc A > hg= hy + (hgs — hy Ne 
s= = 290.16 + (526.12 — 290.16)/(0.80) 
= 585.1 kJ/kg 
Ty =1400 K —> hy =1515.42 kJ/kg 
P., = 450.5 
Pos 1 
P, =% p =| — |(450.5)=56.3 —> hyo, = 860.35 kJ/kg 
10s B 9 8 k 
hg —h 
Nr = Seite > Mo = My — np (ho — Mos) 
9 — hos =1515.42 —(0.85\1515.42 — 860.35) 
= 958.4 kJ/kg 


Tı = 520 K — > h; = 523.63 kJ/kg 
From the steam tables (Tables A-4, A-5, and A-6), 
h = hy @ 10 kPa = 191.81 kJ/kg 
Vi =V; @ 10 KPa =9-00101 m*/kg 
Wohin = “1 (P, N P) k 
= (0.00101 m3/kg}15,000 -10 kPa) —- — 
1 kPa -m 
=15.14 kJ/kg 
hy =h + Wirin =191.81+15.14 = 206.95 kJ/kg 


P, =15 MPa | h; =3157.9 kJ/kg 
T, = 450°C Í s, =6.1428 kJ/kg -K 


S4s—Sf _ 6.1434 — 2.6454 
Ste 3.5402 
hy, = hy + X4sh jy = 1008.3 + (0.9879) 1794.9) = 2781.7 kJ/kg 


P, =3 MPa ie = = 0.9880 


S45 = 83 


h -h 
nr =-= h,= hy = nr(h — hs) 


hs = hys = 3157.9 — (0.85)(3157.9 — 2781.7) 
= 2838.1 kJ/kg 
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P, =3 a hs = 3457.2 kJ/kg 


Ts = 500°C Í s; = 7.2359 kJ/kg -K 
So, —S — 
P, =10 kPa | x, = =— = 7.2359 -0.6492 0.8783 
ae 5 7.4996 
: hes = hp + Xesh g =191.81+ (0.8782)(2392.1) = 2292.8 kJ/kg 
hs —h 
aires - > hg = hs — nr (hs — Ns ) 
5 M65 


= 3457.2 —(0.85)\3457.2 — 2292.8) 
= 2467.5 kJ/kg 


Noting that Ò = W = Ake = Ape = 0 for the heat exchanger, the steady-flow energy balance equation yields 


Én = Bx = Abi ccs ae =0 
En = Eou 
X nh, = X nche —> tit, (hs =h) = ritaro =M) 
E E E (39 ys) — 008.6 kg 


air ms 
ho—hı © 958.4-523.63 
(b) Oin = Oi. + Ò reheat z Mair (ho z hg )+ M reheat (hs - h4) 
= (203.6 kg/s 1515.42- 585.1) kJ/kg + (30 kg/s\3457.2 — 2838.1) kJ/kg 
207,986 kW 


(c) TON = Ope F O sarsie = M air (hy, ro hy )+ ms (hs Z hy ) 
(203.6 kg/s)(523.63 — 290.16) kJ/kg + (30 kg/s)(2467.5—191.81) kJ/kg 


=115,805 kw 
115,805 kW 

Nn =1- Gout =1-— —"—_ = 44.3% 
Òn 207,986 kW 
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10-113 A Rankine steam cycle modified with two closed feedwater heaters and one open feed water heater is considered. 
The 7-s diagram for the ideal cycle is to be sketched. The fraction of mass extracted for the open feedwater heater y and the 
cooling water flow temperature rise are to be determined. Also, the rate of heat rejected in the condenser and the thermal 
efficiency of the plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (b) Using the data from the problem statement, 
the enthalpies at various states are 


hi =h; @20 kPa =251 kJ/kg 
hs =h; =h4 =h; @140 kpa =458 kJ/kg 


5 MPa 


1910 kPa 


hy =h; @620 kPa = 676 KJ/kg 620 kPa 

he =h =h; @1910 kPa = 898 kJ/kg 140 kPa 
An energy balance on the open feedwater heater gives 

yh +(1— y)h, =1hy 20 kPa 


where z is the fraction of steam extracted from the low-pressure 
turbine. Solving for z, 
hy-h, 676-458 


y= = = 0.08086 
hy — hy 3154-458 


(c) An energy balance on the condenser gives 
rity [1 -w= y- z)h + (Wt Z)hys = (L= y) |= ty, Cna = hya) = My C py AT y 


Solving for the temperature rise of cooling water, and substituting with correct units, 


hQ- w- y- zh +0v+z)hys —- yh] 
M yC pw 


_ (100)[(1 — 0.0830 — 0.08086 — 0.0655)(2478) + (0.0830 + 0.0655)(458) — (1 — 0.08086)(251)] 
(4200)(4.18) 


AT, 


=9.95°C 
(d) The rate of heat rejected in the condenser is 


Oout = rit „C „AT, = (4200 kg/s)(4.18 KJ/kg -°C)(9.95°C) = 174,700 kW 


w“ pw 
The rate of heat input in the boiler is 


O,, =rit(h, — hg) = (L00 kg/s)(3900 — 898) kJ/kg = 300,200 kW 


The thermal efficiency is then 


Oout _} _ 174,700 kW 
On 300,200 kW 


Mn =1 = 0.418 = 41.8% 
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10-114 A Rankine steam cycle modified for reheat, two closed feedwater heaters and a process heater is considered. The 7-s 
diagram for the ideal cycle is to be sketched. The fraction of mass, w, that is extracted for the closed feedwater heater is to 
be determined. Also, the mass flow rate through the boiler, the rate of process heat supplied, and the utilization efficiency of 
this cogeneration plant are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (b) Using the data from the problem statement, the enthalpies at various states are 

hy =hy @ 20 kpa = 2514 kJ/kg 

Vi =V; @ 2 kPa = 0.00102 m*/kg 


Wp in = 41 (P, = P) ei EEH 
= (0.00102 m?/kg{5000- 20 kPa} —==— 1.2 MPa 
1kPa-m? 
=5.1 kJ/kg Se tee 
hy =h; + Wprin = 251.4 +5.1=256.5 kJ/kg 


150 kPa 
hy =h; = hy @245 kPa = 533 kJ/kg 


h4 =ħs =hħ4 =h; @1400 kPa = 830 kJ/kg 
h, = hi6 =h; @150 kPa =467 kJ/kg 


20 kPa 


An energy balance on the closed feedwater heater gives 
lh, + whio + zhi3 + yhis =1h3 + (y +z + w)hie 
where w is the fraction of steam extracted from the low-pressure turbine. Solving for z, 
_ (hs - h2) + Q + Z)ho — Zhi — vs 
hio — Nye 
(467 — 256.5) + (0.1160 + 0.15)(467) — (0.15)(533) — (0.1160)(830) 
7 3023 — 467 


= 0.0620 
(c) The work output from the turbines is 
Wout = A5 — yhe —(1- y)h7 + (L— y)hg — zho — whio - (l- y-—z-w)hy 
= 3894 — (0.1160)(3400) — (1 — 0.1160)(3349) 
+ (1 — 0.1160)(3692) — (0.15)(3154) — (0.0620)(3023) — (1 — 0.1160 — 0.15 — 0.0620)(2620) 
= 1381.6 kJ/kg 
The net work output from the cycle is 
=Wrout ~ WP,in = 1381.6 -5.1 = 1376.5 kJ/kg 


Wnet 


The mass flow rate through the boiler is 
Wee _ 300,000 kW 
1376.5 kJ/kg 


w 


= 217.9 kg/s 


net 


The rate of heat input in the boiler is 


Qin = ti hs — hg) + (1 -— y)m(hg — hy) 
= (217.9 kg/s)(3894 — 830) kJ/kg + (1 — 0.1160)(217.9 kg/s)(3692 — 3349) kJ/kg 
= 733,700 kW 
The rate of process heat and the utilization efficiency of this cogeneration plant are 


Oprocess = 21i1(Itg ~ m2) = (0.15)(217.9 kg/s)(3154 — 533) kJ/kg = 85,670 kW 


Wet + Oprocess _ (300,000 + 85,670) kW 
on 733,700 kW 


E= = 0.526 = 52.6% 
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> 
10-115 The effect of the condenser pressure on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 
if (x4>1) then x4$="(superheated)' 
if (x4<0) then x4$="(compressed)' 

end 


P[3] = 10000 [kPa] 

T[3] = 550 [C] 

"P[4] = 5 [kPa]" 

Eta_t = 1.0 "Turbine isentropic efficiency" 
Eta_p = 1.0 "Pump isentropic efficiency" 


"Pump analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 
T[1]=temperature(Fluid$,P=P[1],x=x[1]) 
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W_p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"Turbine analysis" 

h[3]=enthalpy(Fluid$, T=T[3],P=P[3]) 
s[3]=entropy(Fluid$, T=T[3],P=P[3]) 

s_s[4]=s[3] 
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4]"SSSF First Law for the turbine" 
x4s$=x4$(x[4]) 


"Boiler analysis" 
Q_in + h[2]=h[8]"SSSF First Law for the Boiler" 


"Condenser analysis" 
h[4]=Q_out+h[1]"SSSF First Law for the Condenser" 


"Cycle Statistics" 
W_net=W_t-W_p 
Eta_th=W_net/Q_in 
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P, Nh Wnet 700 Steamiapws 
[kPa] [kJ/kg] H 
5 0.4268 1432 
15 0.3987 1302 
25 0.3841 1237 
35 0.3739 1192 B 
45 0.3659 1157 (8) 
55 0.3594 1129 E 
65 0.3537 1105 
75 0.3488 1084 
85 0.3443 1065 
100 0.3385 1040 
s [kJ/kg-K] 
0.44 T F T T T f T T T T a it T T T T T T Į T 
0.42 
0.4 
£ 0.38 
= cr a 
0.36 
0.34 
(0 ee e 1 A E GE CSCC E A E A A E E E E E E E D E E 
0 20 40 60 80 100 
P[4] [kPa] 
D 
4 
5 
x 
2 
z 


0 20 40 60 80 100 
P[4] [kPa] 
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EES 
10-116 The effect of superheating the steam on the performance a simple ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x4$(x4) "this function returns a string to indicate the state of steam at point 4" 
x4$=" 
if (x4>1) then x4$='(superheated)' 
if (x4<0) then x4$="(compressed)' 

end 


P[3] = 3000 [kPa] 

{T[3] = 600 [C]} 

P[4] = 10 [kPa] 

Eta_t = 1.0 "Turbine isentropic efficiency 
Eta_p = 1.0 "Pump isentropic efficiency" 


"Pump analysis" 

Fluid$='Steam_IAPWS' 

P[1] = P[4] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 
T[1]=temperature(Fluid$,P=P[1],x=x[1]) 
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W_p "SSSF First Law for the pump" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"Turbine analysis" 

h[3]=enthalpy(Fluid$, T=T[3],P=P[3]) 
s[3]=entropy(Fluid$, T=T[3],P=P[3]) 

s_s[4]=s[3] 
hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
x[4]=quality(Fluid$,h=h[4],P=P[4]) 

h[3] =W_t+h[4]"SSSF First Law for the turbine" 
x4s$=x4$(x[4]) 


"Boiler analysis" 
Q_in + h[2]=h[8]"SSSF First Law for the Boiler" 


"Condenser analysis" 
h[4]=Q_out+h[1]"SSSF First Law for the Condenser" 


"Cycle Statistics" 
W_net=W_t-W_p 
Eta_th=W_net/Q_in 
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T3 Nth Wnet X4 
[C] [kJ/kg] 
250 | 0.3241 | 862.8 | 0.752 
344.4 | 0.3338 | 970.6 0.81 
438.9 | 0.3466 | 1083 | 0.8536 
533.3 | 0.3614 | 1206 | 0.8909 
627.8 | 0.3774 | 1340 | 0.9244 
722.2 | 0.3939 | 1485 0.955 
816.7 | 0.4106 | 1639 | 0.9835 
911.1 | 0.4272 | 1803 100 
1006 | 0.4424 | 1970 100 
1100 | 0.456 2139 100 


T [°C] 


12 
s [kJIkg-K] 
S 
== 
c 
0.32 ! 1 ! 1 ! 1 ! 1 ! f 1 1 I 1 fi 
200 300 400 500 600 700 800 900 1000 1100 
T[3] [C] 
2250 
1950 
Oo 
© 1650 
x 
u 
= 
x 
— 1350 
~ 
o 
S 
= 1050 
750 
200 300 400 500 600 700 800 900 1000 1100 
T[3] [C] 
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EES 
10-117 The effect of number of reheat stages on the performance an ideal Rankine cycle is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


function x6$(x6) "this function returns a string to indicate the state of steam at point 6" 
x6$=" 
if (x6>1) then x6$='(superheated)' 
if (x6<0) then x6$='(subcooled)' 

end 


Procedure Reheat(P[3], T[3], T[5],h[4], NoRHStages,Pratio,Eta_t:Q_in_reheat,W_t_lp,h6) 
P3=P[3] 

T5=T[5] 

h4=h[4] 

Q_in_reheat =0 

W_t Ip=0 

R_P=(1/Pratio)*(1/(NoRHStages+1)) 


imax:=NoRHStages - 1 
i:=0 


REPEAT 
i=i+1 


P4 = P3*R_P 


P5=P4 
P6=P5*R_P 


Fluid$='Steam_IAPWS' 

s5=entropy(Fluid$, T=T5,P=P5) 
h5=enthalpy(Fluid$,T=T5,P=P5) 

s_s6=s5 

hs6=enthalpy(Fluid$,s=s_s6,P=P6) 
Ts6=temperature(Fluid$,s=s_s6,P=P6) 
vs6=volume(Fluid$,s=s_s6,P=P6) 
"Eta_t=(h5-h6)/(h5-hs6)""Definition of turbine efficiency" 
h6=h5-Eta_t*(h5-hs6) 

W_t_Ip=W_t_Ip+h5-h6"SSSF First Law for the low pressure turbine" 
x6=QUALITY(Fluid$,h=h6,P=P6) 

Q_in_reheat =Q_in_reheat + (h5 - h4) 

P3=P4 


UNTIL (i>imax) 
END 


"NoRHStages = 2" 

P[6] = 10"kPa"™ 

P[3] = 15000"kPa" 

P_extract = P[6] "Select a lower limit on the reheat pressure 
T[3] = 500"C" 

T[5] = 500"C" 

Eta_t = 1.0 "Turbine isentropic efficiency" 

Eta_p = 1.0 "Pump isentropic efficiency" 

Pratio = P[3]/P_extract 

P[4] = P[3]*(1/Pratio)*(1/(NoRHStages+1))"kPa" 


Fluid$='Steam_IAPWS' 
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"Pump analysis" 

P[1] = P[6] 

P[2]=P[3] 

x[1]=0 "Sat'd liquid" 
h[1]=enthalpy(Fluid$,P=P[1],x=x[1]) 
v[1]=volume(Fluid$,P=P[1],x=x[1]) 
s[1]=entropy(Fluid$,P=P[1],x=x[1]) 
T[1]=temperature(Fluid$,P=P[1],x=x[1]) 
W_p_s=v[1]*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume 
W_p=W_p_s/Eta_p 

h[2]=h[1]+W_p "SSSF First Law for the pump" 
v[2]=volume(Fluid$,P=P[2],h=h[2]) 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"High Pressure Turbine analysis" 

h[3]=enthalpy(Fluid$, T=T[3],P=P[3]) 

s[3]=entropy(Fluid$, T=T[3],P=P[3]) 

v[3]=volume(Fluid$, T=T[3],P=P[3]) 

s_s[4]=s[3] 

hs[4]=enthalpy(Fluid$,s=s_s[4],P=P[4]) 
Ts[4]=temperature(Fluid$,s=s_s[4],P=P[4]) 
Eta_t=(h[3]-h[4])/(h[3]-hs[4])"Definition of turbine efficiency" 
T[4]=temperature(Fluid$,P=P[4],h=h[4]) 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
v[4]=volume(Fluid$,s=s[4],P=P[4]) 

h[3] =W_t_hp+h[4]"SSSF First Law for the high pressure turbine" 


"Low Pressure Turbine analysis" 
Call Reheat(P[3], T[3], T[5],h[4], NoRHStages,Pratio,Eta_t:Q_in_reheat,W_t_lp,h6) 
h[6]=h6 


{P[S]=P[4] 

s[5]=entropy(Fluid$, T=T[5],P=P[5]) 

h[5]=enthalpy(Fluid$, T=T[5],P=P[5]) 

s_s[6]=s[5] 

hs[6]=enthalpy(Fluid$,s=s_s[6],P=P[6]) 
Ts[6]=temperature(Fluid$,s=s_s[6],P=P[6]) 
vs[6]=volume(Fluid$,s=s_s[6],P=P[6]) 
Eta_t=(h[5]-h[6])/(h[5]-hs[6])"Definition of turbine efficiency" 
h[5]=W_t_Ip+h[6]"SSSF First Law for the low pressure turbine" 
x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 

W_t_lp_total = NoRHStages*W_t_lp 

Q_in_reheat = NoRHStages*(h[5] - h[4])} 


"Boiler analysis" 

Q_in_boiler + h[2]=h[3]"SSSF First Law for the Boiler" 
Q_in = Q_in_boiler+Q_in_reheat 

"Condenser analysis" 

h[6]=Q_out+h[1]"SSSF First Law for the Condenser" 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
x[6]=QUALITY(Fluid$,h=h[6],P=P[6]) 
x6s$=x6$(x[6]) 

"Cycle Statistics" 

W_net=W_t_hp+W_t_lp - W_p 

Eta_th=W_net/Q_in 
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Nth NoRH Qin Waet 
Stages | [kJ/kg] [kJ/kg] 23001. 
0.4097 1 4085 1674 L 
0.4122 2 4628 1908 2200- 
0.4085 3 5020 2051 = 21001. 
0.4018 4 5333 2143 D L 
0.3941 5 5600 2207 3 2000- 
0.386 6 5838 2253 — 49001. 
0.3779 7 6058 2289 z L 
0.3699 8 6264 2317 = 1800- 
0.3621 g 6461 2340 1700. 
0.3546 10 6651 2358 
1600 Joy if 4 1 J J I 
1 2 3 4 5 6 7 
NoRHStages 
= 4 
£ 
2 4 5 6 7 8 9 10 


Qin [kJ/kg] 


NoRHStages 


5 6 7 8 9 10 
NoRHStages 
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> 
10-118 The effect of number of regeneration stages on the performance an ideal regenerative Rankine cycle with one 
open feedwater heater is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


Procedure Reheat(NoFwh, T[5],P[5],P_cond,Eta_turb,Eta_pump:q_in,w_net) 


Fluid$='Steam_IAPWS' 

Tcond = temperature(Fluid$,P=P_cond,x=0) 
Tboiler = temperature(Fluid$,P=P[5],x=0) 
P[7] = P_cond 

s[5]=entropy(Fluid$, T=T[5], P=P[5]) 
h[5]=enthalpy(Fluid$, T=T[5], P=P[5]) 
h[1]=enthalpy(Fluid$, P=P[7],x=0) 


P4[1] = P[5] "NOTICE THIS IS P4{i] WITH i = 1" 
DELTAT_cond_boiler = Tboiler - Tcond 
If NOFWH = 0 Then 


"the following are h7, h2, w_net, and q_in for zero feedwater heaters, NOFWH = 0" 
h7=enthalpy(Fluid$, s=s[5],P=P[7]) 

h2=h[1]+volume(Fluid$, P=P[7],x=0)*(P[5] - P[7])/Eta_pump 

w_net = Eta_turb*(h[5]-h7)-(h2-h[1]) 

q_in = h[5] - h2 


else 


i=0 

REPEAT 

i=i+1 

"The following maintains the same temperature difference between any two regeneration stages. 
T_FWH{i] = (NoFWH +1 - i)*DELTAT_cond_boiler/(NoFWH + 1)+Tcond"[C]" 

P_extract[i] = pressure(Fluid$, T=T_FWH{[i],x=0)"[kPa]" 

P3[iJ=P_extract[i] 

P6[iJ=P_extract[i] 

If i > 1 then P4{i] = P6[i - 1] 


UNTIL i=NoFWH 


P4[NoFWH+1]=P6[NoFWH] 
h4[NoFWH+1]=h[1]+volume(Fluid$, P=P[7],x=0)*(P4[NoFWH+1] - P[7])/Eta_pump 


i=0 
REPEAT 
i=i+1 


"Boiler condensate pump or the Pumps 2 between feedwater heaters analysis" 
h3[i]=enthalpy(Fluid$,P=P3[i],x=0) 

v3[i]=volume(Fluid$,P=P3[i],x=0) 

w_pump2_s=v3[i]*(P4[i]-P3[i)"SSSF isentropic pump work assuming constant specific volume" 
W_pump2[i]J=w_pump2_s/Eta_pump "Definition of pump efficiency" 

h4[iJ= w_pump2{[i] +h3[i] "Steady-flow conservation of energy" 
s4[i]=entropy(Fluid$,P=P4[i],h=h4[i]) 

T4[iJ=temperature(Fluid$,P=P4[i],h=h4[i]) 


Until i = NoFWH 
i=0 
REPEAT 
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i=i+1 
"Open Feedwater Heater analysis:" 
{h2[i] = h6fi]} 
s5[i] = s[5] 
ss6[i]=s5[i] 
hs6[i]=enthalpy(Fluid$,s=ss6[i],P=P6[i]) 
Ts6[i]=temperature(Fluid$,s=ss6[i],P=P6[i]) 
h6[iJ=h[5]-Eta_turb*(h[5]-hs6[i])"Definition of turbine efficiency for high pressure stages" 
If i=1 then y[1J=(h3[1] - h4[2])/(h6[1] - h4[2]) "Steady-flow conservation of energy for the FWH" 
If i > 1 then 
js=i-1 
j=0 
sumyj = 0 
REPEAT 
j=j+1 
sumyj = sumyj + y[j ] 
UNTIL j = js 
yli] =(1- sumyj)*(h3[i] - h4[i+1])/(h6[i] - h4[i+1]) 


ENDIF 
T3[i]=temperature(Fluid$,P=P3[i],x=0) "Condensate leaves heater as sat. liquid at P[3] 
$3[i]=entropy(Fluid$,P=P3]i],x=0) 


"Turbine analysis" 
T6[i]=temperature(Fluid$,P=P6[i],h=h6[i]) 
s6[i]=entropy(Fluid$,P=P6[i],A=h6[i]) 
yh6fi] = y[i]*h6fi] 

UNTIL i=NoFWH 

ss[7]=s6[i] 
hs[7]=enthalpy(Fluid$,s=ss[7],P=P[7]) 
Ts[7]=temperature(Fluid$,s=ss[7],P=P[7]) 
h{7]=h6[iJ-Eta_turb*(h6[i]-hs[7])"Definition of turbine efficiency for low pressure stages" 
T[7]=temperature(Fluid$,P=P[7],h=h[7]) 
s[7]=entropy(Fluid$,P=P[7],h=h[7]) 


sumyi = 0 

sumyh6i = 0 

wp2i = W_pump2[1] 

i=0 

REPEAT 

i=i+1 

sumyi = sumyi + y[i] 

sumyh6i = sumyh6i + yh6[i] 

If NOFWH > 1 then wp2i = wp2i + (1- sumyi)*W_pump2{[i] 
UNTIL i = NoFWH 


"Condenser Pump---Pump_1 Analysis:" 

P[2] = P6 [ NoFWH] 

P[1] = P_cond 

h[1]=enthalpy(Fluid$,P=P[1],x=0)  {Sat'd liquid} 
v1=volume(Fluid$,P=P[1],x=0) 

s[1]=entropy(Fluid$,P=P[1],x=0) 
T[1]=temperature(Fluid$,P=P[1],x=0) 
w_pump1_s=v1*(P[2]-P[1])"SSSF isentropic pump work assuming constant specific volume" 
w_pump1=w_pump1_s/Eta_pump "Definition of pump efficiency" 
h[2]=w_pump1+ h[1] "Steady-flow conservation of energy" 
s[2]=entropy(Fluid$,P=P[2],h=h[2]) 
T[2]=temperature(Fluid$,P=P[2],h=h[2]) 


"Boiler analysis" 
q_in = h[5] - h4[1]"SSSF conservation of energy for the Boiler" 
w_turb = h[5] - sumyh6i - (1- sumyi)*h[7] "SSSF conservation of energy for turbine" 
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"Condenser analysis" 


g_out=(1- sumyi)*(h[7] - h[1])"SSSF First Law for the Condenser" 


"Cycle Statistics" 


w_net=w_turb - ((1- sumyi)*w_pump1+ wp2i) 


endif 
END 


"Input Data" 
NoFWH = 2 

P[5] = 10000 [kPa] 
T[5] = 500 [C] 
P_cond=10 [kPa] 


Eta_turb= 1.0 "Turbine isentropic efficiency" 
Eta_pump = 1.0 "Pump isentropic efficiency" 


P[1] = P_cond 
P[4] = P[5] 


"Condenser exit pump or Pump 1 analysis" 
Call Reheat(NoFwh, T[5],P[5],P_cond,Eta_turb,Eta_pump:q_in,w_net) 


Eta_th=w_net/q_in 


No Nth Wnet qin 
FWH [kJ/kg] | [kJ/kg] 
0 0.4019 | 1275 3173 
1 0.4311 1125 2609 
2 0.4401 1061 2411 
3 0.4469 | 1031 2307 
4 0.4513 | 1013 2243 
5 0.4544 | 1000 2200 
6 0.4567 | 990.5 2169 
7 0.4585 | 983.3 2145 
8 0.4599 | 977.7 2126 
9 0.4611 | 973.1 2111 
10 0.462 | 969.4 2098 


Wnet [kJ/kg] 


din [kJ/kg] 
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10-119 It is to be demonstrated that the thermal efficiency of a combined gas-steam power plant Nec can be expressed as 
Nec = Ng + Ns — Ne, Where 1g =W,/Q,, and 7, =W, / Q, ou are the thermal efficiencies of the gas and steam cycles, 


respectively, and the efficiency of a combined cycle is to be obtained. 


Analysis The thermal efficiencies of gas, steam, and combined cycles can be expressed as 


W, 
Neo = total _ 1- Qout 
Qin Q; 
W, ou 
1g = SE cia Qs out 
Qin Q; 
W, 
1, = Si t= Qout 
Qs out QO; out 


where Qin is the heat supplied to the gas cycle, where Qo, is the heat rejected by the steam cycle, and where Qg out is the heat 
rejected from the gas cycle and supplied to the steam cycle. 


Using the relations above, the expression 77, + 77, — gs can be expressed as 


Qg out Q out Qg out l OQout 
1 1 1 1 
Te SM Te n l Qin l | Qz out | Qin Qg, out 


1 Q out +1 Qout 1+ Qg out 4 Qout Qout 
Qin Osii Qin Qg out Qin 
=|- Qout 
Qin 
= Mec 


Therefore, the proof is complete. Using the relation above, the thermal efficiency of the given combined cycle is determined 
to be 


Nec = a +s — Nels = 0.4 + 0.30 — 0.40 x 0.30 = 0.58 


10-120 The thermal efficiency of a combined gas-steam power plant Necc can be expressed in terms of the thermal 
efficiencies of the gas and the steam turbine cycles as 7e = 1g + s — Mgs .- It is to be shown that the value of 77,, is greater 


than either of 7, or 7, . 


Analysis By factoring out terms, the relation 77,, = 1g + s — 1g; can be expressed as 


Mec = Mg te N= Te) Ng 
— 


Positive since 
1g <l 


or Mec = Mg + Ns = Ng = Ns +N- ns) > N 
eH SY 


Positive since 
75 <1 


Thus we conclude that the combined cycle is more efficient than either of the gas turbine or steam turbine cycles alone. 
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10-121 It is to be shown that the exergy destruction associated with a simple ideal Rankine cycle can be expressed as 
X destroyed = Zin (n th,Carnot — 7th ), where 7m is efficiency of the Rankine cycle and 7m, Camot is the efficiency of the Carnot 


cycle operating between the same temperature limits. 


Analysis The exergy destruction associated with a cycle is given on a unit mass basis as 


dr 
X destroyed = Ty > T 
R 


where the direction of qin is determined with respect to the reservoir (positive if to the reservoir and negative if from the 
reservoir). For a cycle that involves heat transfer only with a source at Ty and a sink at To, the irreversibility becomes 


Jou _ Ji T q T 
Xdestroyed T Í T an fout T, qin = tal T, l 
in 


= din la Nm) (1 nnc) = Gin (ric nn) 
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Fundamentals of Engineering (FE) Exam Problems 


10-122 Consider a simple ideal Rankine cycle. If the condenser pressure is lowered while keeping turbine inlet state the 
same, (select the correct statement) 


(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 
(e) the pump work input will decrease. 


Answer (b) the amount of heat rejected will decrease. 


10-123 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures. If the steam is superheated to a 
higher temperature, (select the correct statement) 


(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the cycle efficiency will decrease. 

(d) the moisture content at turbine exit will decrease. 
(e) the amount of heat input will decrease. 


Answer (d) the moisture content at turbine exit will decrease. 


10-124 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
reheating, (select the correct statement) 


(a) the turbine work output will decrease. 

(b) the amount of heat rejected will decrease. 

(c) the pump work input will decrease. 

(d) the moisture content at turbine exit will decrease. 
(e) the amount of heat input will decrease. 


Answer (d) the moisture content at turbine exit will decrease. 


10-125 Consider a simple ideal Rankine cycle with fixed boiler and condenser pressures . If the cycle is modified with 
regeneration that involves one open feed water heater, (select the correct statement per unit mass of steam flowing through 
the boiler) 


(a) the turbine work output will decrease. 

(b) the amount of heat rejected will increase. 

(c) the cycle thermal efficiency will decrease. 

(d) the quality of steam at turbine exit will decrease. 
(e) the amount of heat input will increase. 


Answer (a) the turbine work output will decrease. 
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10-126 Consider a steady-flow Carnot cycle with water as the working fluid executed under the saturation dome between 
the pressure limits of 3 MPa and 10 kPa. Water changes from saturated liquid to saturated vapor during the heat addition 
process. The net work output of this cycle is 


(a) 666 kJ/kg (b) 888 kJ/kg (c) 1040 kJ/kg (d) 1130 kJ/kg (e) 1440 kJ/kg 
Answer (a) 666 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=33000 "kPa" 

P2=10 "kPa" 
h_fg=ENTHALPY(Steam_IAPWS,x=1,P=P1)-ENTHALPY(Steam_IAPWS,x=0,P=P1) 
T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1)+273 
T2=TEMPERATURE(Steam_IAPWS,x=0,P=P2)+273 

q_in=h_fg 

Eta_Carnot=1-T2/T1 

w_net=Eta_Carnot*q_in 


"Some Wrong Solutions with Common Mistakes:" 

W1_work = Eta1*q_in; Eta1=T2/T1 "Taking Carnot efficiency to be T2/T1" 

W2_work = Eta2*q_in; Eta2=1-(T2-273)/(T1-273) "Using C instead of K" 

W3_work = Eta_Carnot*ENTHALPY(Steam_IAPWS,x=1,P=P1) "Using h_g instead of h_fg" 

W4_work = Eta_Carnot*q2; g2=ENTHALPY(Steam_IAPWS,x=1,P=P2)-ENTHALPY(Steam_IAPWS,x=0,P=P2) 
"Using h_fg at P2" 
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10-127 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 3 MPa, with a turbine inlet 
temperature of 600°C. Disregarding the pump work, the cycle efficiency is 


(a) 24% (b) 37% (c) 52% (d) 63% (e) 71% 
Answer (b) 37% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=10 "kPa" 

P2=3000 "kPa" 

P3=P2 

P4=P1 

T3=600 "C" 

s4=s3 
h1=ENTHALPY(Steam_IAPWS,x=0,P=P1) 
v1=VOLUME(Steam_IAPWS,x=0,P=P1) 
w_pump=v1*(P2-P1) "kJ/kg" 
h2=h1i+w_pump 
h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 
s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 
h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 
g_in=h3-h2 

g_out=h4-h1 

Eta_th=1-q_out/q_in 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in “Using wrong relation" 

W2_Eff = 1-(h44-h1)/(h3-h2); h44 = ENTHALPY(Steam_IAPWS,x=1,P=P4) "Using h_g for h4" 

W3_ Eff = 1-(T1+273)/(T3+273); T1I=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = (h3-h4)/q_in "Disregarding pump work" 
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10-128 A simple ideal Rankine cycle operates between the pressure limits of 10 kPa and 5 MPa, with a turbine inlet 
temperature of 600°C. The mass fraction of steam that condenses at the turbine exit is 


(a) 6% (b) 9% (c) 12% (d) 15% (e) 18% 
Answer (c) 12% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=10 "kPa" 

P2=5000 "kPa" 

P3=P2 

P4=P1 

T3=600 "C" 

s4=s3 
h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 
s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 
h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 
X4=QUALITY(Steam_IAPWS,s=s4,P=P4) 
moisture=1-x4 

"Some Wrong Solutions with Common Mistakes:" 
W1_moisture = x4 "Taking quality as moisture" 
W2_moisture = 0 "Assuming superheated vapor" 
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10-129 A steam power plant operates on the simple ideal Rankine cycle between the pressure limits of 5 kPa and 10 MPa, 
with a turbine inlet temperature of 600°C. The rate of heat transfer in the boiler is 300 kJ/s. Disregarding the pump work, 
the power output of this plant is 


(a) 93 kW (b) 118 kW (c) 190 kW (d)216 kW (e) 300 kW 
Answer (b) 118 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=10 "kPa" 

P2=5000 "kPa" 

P3=P2 

P4=P1 

T3=600 "C" 

s4=s3 

Q_rate=300 "kJ/s" 

m=Q_rate/q_in 
h1=ENTHALPY(Steam_IAPWS,x=0,P=P1) 
h2=h1 "pump work is neglected" 
"v1=VOLUME(Steam_IAPWS,x=0,P=P1) 
w_pump=v1*(P2-P1) 

h2=h1+w_pump" 
h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 
s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 
h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 
g_in=h3-h2 

W_turb=m*(h3-h4) 


"Some Wrong Solutions with Common Mistakes:" 

W1_power = Q_rate "Assuming all heat is converted to power" 

W3_power = Q_rate*Carnot; Carnot = 1-(T1+273)/(T3+273); T1=TEMPERATURE(Steam_IAPWS,x=0,P=P1) 
"Using Carnot efficiency" 

W4_power = m*(h3-h44); h44 = ENTHALPY(Steam_IAPWS,x=1,P=P4) "Taking h4=h_g" 
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10-130 Consider a combined gas-steam power plant. Water for the steam cycle is heated in a well-insulated heat exchanger 
by the exhaust gases that enter at 800 K at a rate of 60 kg/s and leave at 400 K. Water enters the heat exchanger at 200°C 
and 8 MPa and leaves at 350°C and 8 MPa. If the exhaust gases are treated as air with constant specific heats at room 
temperature, the mass flow rate of water through the heat exchanger becomes 


(a) 11 kg/s (b) 24 kg/s (c) 46 kg/s (d) 53 kg/s (e) 60 kg/s 
Answer (a) 11 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_gas=60 "kg/s" 

Cp=1.005 "kJ/kg.K" 

T3=800 "K" 

T4=400 "K" 

Q_gas=m_gas*Cp*(T3-T4) 

P1=8000 "kPa" 

T1=200 "C" 

P2=8000 "kPa" 

T2=350 "C" 
h1=ENTHALPY(Steam_IAPWS,T=T1,P=P1) 
h2=ENTHALPY(Steam_IAPWS,T=T2,P=P2) 
Q_steam=m_steam*(h2-h1) 
Q_gas=Q_steam 


"Some Wrong Solutions with Common Mistakes:" 

m_gas*Cp*(T3 -T4)=W1_msteam*4.18*(T2-T1) "Assuming no evaporation of liquid water" 

m_gas*Cv*(T3 -T4)=W2_msteam*(h2-h1); Cv=0.718 "Using Cv for air instead of Cp" 

W3_msteam = m_gas "Taking the mass flow rates of two fluids to be equal" 

m_gas*Cp*(T3 -T4)=W4_msteam*(h2-h11); h11=ENTHALPY(Steam_IAPWS,x=0,P=P1) "Taking hi=hf@P1" 
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10-131 An ideal reheat Rankine cycle operates between the pressure limits of 10 kPa and 8 MPa, with reheat occurring at 4 
MPa. The temperature of steam at the inlets of both turbines is 500°C, and the enthalpy of steam is 3185 kJ/kg at the exit of 
the high-pressure turbine, and 2247 kJ/kg at the exit of the low-pressure turbine. Disregarding the pump work, the cycle 
efficiency is 


(a) 29% (b) 32% (c) 36% (d) 41% (e) 49% 
Answer (d) 41% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=10 "kPa" 

P2=8000 "kPa" 

P3=P2 

P4=4000 "kPa" 

P5=P4 

P6=P1 

T3=500 "C" 

T5=500 "C" 

s4=s3 

s6=s5 
h1=ENTHALPY(Steam_IAPWS,x=0,P=P1) 
h2=h1 

h44=3185 "kJ/kg - for checking given data" 
h66=2247 "kJ/kg - for checking given data" 
h3=ENTHALPY(Steam_IAPWS,T=T3,P=P3) 
s3=ENTROPY(Steam_IAPWS,T=T3,P=P3) 
h4=ENTHALPY(Steam_IAPWS,s=s4,P=P4) 
h5=ENTHALPY(Steam_IAPWS,T=T5,P=P5) 
s5=ENTROPY(Steam_IAPWS,T=T5,P=P5) 
h6=ENTHALPY(Steam_IAPWS,s=s6,P=P6) 
g_in=(h3-h2)+(h5-h4) 

g_out=h6-h1 

Eta_th=1-q_out/q_in 


"Some Wrong Solutions with Common Mistakes:" 

W1_Eff = q_out/q_in “Using wrong relation" 

W2_Eff = 1-q_out/(h3-h2) "Disregarding heat input during reheat" 

W3_Eff = 1-(T1+273)/(T3+273); T1I=TEMPERATURE(Steam_IAPWS,x=0,P=P1) "Using Carnot efficiency" 
W4_Eff = 1-q_out/(h5-h2) “Using wrong relation for g_in" 
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10-132 Pressurized feedwater in a steam power plant is to be heated in an ideal open feedwater heater that operates at a 
pressure of 2 MPa with steam extracted from the turbine. If the enthalpy of feedwater is 252 kJ/kg and the enthalpy of 
extracted steam is 2810 kJ/kg, the mass fraction of steam extracted from the turbine is 


(a) 10% (b) 14% (c) 26% (d) 36% (e) 50% 
Answer (c) 26% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


h_feed=252 "kJ/kg" 

h_extracted=2810 "kJ/kg" 

P3=2000 "kPa" 
h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 
"Energy balance on the FWH" 
h3=x_ext*h_extracted+(1-x_ext)*h_feed 


"Some Wrong Solutions with Common Mistakes:" 

W1_ext = h_feed/h_extracted “Using wrong relation" 

W2_ext = h3/(h_extracted-h_feed) "Using wrong relation" 
W3_ext = h_feed/(h_extracted-h_feed) "Using wrong relation" 


10-133 Consider a steam power plant that operates on the regenerative Rankine cycle with one open feedwater heater. The 
enthalpy of the steam is 3374 kJ/kg at the turbine inlet, 2797 kJ/kg at the location of bleeding, and 2346 kJ/kg at the turbine 
exit. The net power output of the plant is 120 MW, and the fraction of steam bled off the turbine for regeneration is 0.172. 
If the pump work is negligible, the mass flow rate of steam at the turbine inlet is 


(a) 117 kg/s (b) 126 kg/s (c) 219 kg/s (d) 288 kg/s (e) 679 kg/s 
Answer (b) 126 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


h_in=3374 "kJ/kg" 

h_out=2346 "kJ/kg" 

h_extracted=2797 "kJ/kg" 

Wnet_out=120000 "kW" 

x_bleed=0.172 

w_turb=(h_in-h_extracted)+(1-x_bleed)*(h_extracted-h_out) 
m=Whnet_out/w_turb 

"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Wnet_out/(h_in-h_out) "Disregarding extraction of steam" 
W2_mass = Wnet_out/(x_bleed*(h_in-h_out)) “Assuming steam is extracted at trubine inlet 
W3_mass = Wnet_out/(h_in-h_out-x_bleed*h_extracted) "Using wrong relation" 
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10-134 Consider a cogeneration power plant modified with regeneration. Steam enters the turbine at 6 MPa and 450°C at a 
rate of 20 kg/s and expands to a pressure of 0.4 MPa. At this pressure, 60% of the steam is extracted from the turbine, and 
the remainder expands to a pressure of 10 kPa. Part of the extracted steam is used to heat feedwater in an open feedwater 
heater. The rest of the extracted steam is used for process heating and leaves the process heater as a saturated liquid at 0.4 
MPa. It is subsequently mixed with the feedwater leaving the feedwater heater, and the mixture is pumped to the boiler 
pressure. The steam in the condenser is cooled and condensed by the cooling water from a nearby river, which enters the 


adiabatic condenser at a rate of 463 kg/s. 
hı = 191.81 
hy = 192.20 
h; = h4 = ho = 604.66 


hs = 610.73 
he = 3302.9 


7 
11 
0 
hz = hg = hyo = 2665.6 
Condenser hy, = 2128.8 
1 
1. The total power output of the turbine is 


(a) 17.0 MW (b) 8.4 MW (c) 12.2 MW (d) 20.0 MW (e) 3.4 MW 
Answer (a) 17.0 MW 


Boiler 


2. The temperature rise of the cooling water from the river in the condenser is 
(a) 8.0°C (b) 5.2°C (c) 9.6°C (d) 12.9°C (e) 16.2°C 
Answer (a) 8.0°C 


3. The mass flow rate of steam through the process heater is 
(a) 1.6 kg/s (b) 3.8 kg/s (c) 5.2 kg/s (d) 7.6 kg/s (e) 10.4 kg/s 
Answer (e) 10.4 kg/s 


4. The rate of heat supply from the process heater per unit mass of steam passing through it is 
(a) 246 kJ/kg (b) 893 kJ/kg (c) 1344 kJ/kg (d) 1891 kJ/kg (e) 2060 kJ/kg 
Answer (e) 2060 kJ/kg 


5. The rate of heat transfer to the steam in the boiler is 
(a) 26.0 MJ/s (b) 53.8 MJ/s (c) 39.5 MJ/s (d) 62.8 MJ/s (e) 125.4 MJ/s 
Answer (b) 53.8 MJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Note: The solution given below also evaluates all enthalpies given on the figure. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


10-147 


P1=10 "kPa" 


P11=P1 

P2=400 "kPa" 

P3=P2; P4=P2; P7=P2; P8=P2; P9=P2; P10=P2 
P5=6000 "kPa" 

P6=P5 

T6=450 "C" 

m_total=20 "kg/s" 

m7=0.6*m_total 

m_cond=0.4*m_total 

C=4.18 "kJ/kg.K" 

m_cooling=463 "kg/s" 

s7=s6 

s11=s6 
h1=ENTHALPY(Steam_IAPWS,x=0,P=P1) 
v1=VOLUME(Steam_IAPWS,x=0,P=P1) 
w_pump=v1*(P2-P1) 

h2=h1+w_pump 
h3=ENTHALPY(Steam_IAPWS,x=0,P=P3) 
h4=h3; h9=h3 
v4=VOLUME(Steam_IAPWS,x=0,P=P4) 
w_pump2=v4*(P5-P4) 

h5=h4+w_pump2 
h6=ENTHALPY(Steam_IAPWS,T=T6,P=P6) 
s6=ENTROPY(Steam_IAPWS,T=T6,P=P6) 
h7=ENTHALPY(Steam_IAPWS,s=s7,P=P7) 
h8=h7; h10=h7 
h11=ENTHALPY(Steam_IAPWS,s=s11,P=P11) 
W_turb=m_total*(h6-h7)+m_cond*(h7-h11) 
m_cooling*C*T_rise=m_cond*(h11-h1) 
m_cond*h2+m_feed*h10=(m_cond+m_feed)*h3 
m_process=m7-m_feed 

q_process=h8-h9 

Q_in=m_total*(h6-h5) 


10-135 --- 10-142 Design and Essay Problems 
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The Reversed Carnot Cycle 


11-1C The reversed Carnot cycle serves as a standard against which actual refrigeration cycles can be compared. Also, the 
COP of the reversed Carnot cycle provides the upper limit for the COP of a refrigeration cycle operating between the 
specified temperature limits. 


11-2C Because the compression process involves the compression of a liquid-vapor mixture which requires a compressor 
that will handle two phases, and the expansion process involves the expansion of high-moisture content refrigerant. 


11-3 A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered. The coefficient of 
performance, the amount of heat absorbed from the refrigerated space, and the net work input are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) Noting that Ty = 40°C = 313 K and T; = Tsat @ 100 kra = ~26.37°C = 246.6 K, the COP of this Carnot refrigerator 


is determined from 


: : 3.72 


COPkc = = =3. 
RC Ty/T,-1 (813K)/(246.6 K)-1 


(b) From the refrigerant tables (Table A-11), 


hy = hy @arc = 271.27 KJ/kg 
hg = h rase = 108.26 kI/kg 


Thus, 


qu = hy — hy = 271.27 — 108.26 = 163.0 kJ/kg 


and 


> 
K 313K 


qu a T [255 K 
H 
q Ti Ty 


Jiss kJ/kg)=128.4 kJ/kg 


(c) The net work input is determined from 


Waet = qH — qr =163.0 -128.4 = 34.6 kJ/kg 
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11-4E A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered. The coefficient of 
performance, the quality at the beginning of the heat-absorption process, and the net work input are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) Noting that Ty = Tsat @ 90 psia = 72.78°F = 532.8 R and Ty = Tsat @ 30 psia = 15.37°F = 475.4 R. 


1 1 


= =8.28 
T/T, -1 (532.8R)(475.4R)-1 


COPRc z> 


(b) Process 4-1 is isentropic, and thus 
5, =S4=(s; + x45) @ 90 psia = 0-07481 + (0.05 (0.14525) 
= 0.08207 Btu/lbm-R 


Ss; -S = 
` -( 1-87 _ 0.08207 - 0.03793 _ 0.2374 
@ 30 psia 


7 0.18589 


(c) Remembering that on a T-s diagram the area enclosed 
represents the net work, and S3 = Sg @ 90 psia = 0.22006 Btu/lbm:R, 


Wretin = (Tu -Tr X83 -s4 )= (72.78—15.37)(0.22006 — 0.08207) Btu/Ibm- R = 7.92 Btu/Ibm 
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Ideal and Actual Vapor-Compression Refrigeration Cycles 


11-5C Yes; the throttling process is an internally irreversible process. 


11-6C To make the ideal vapor-compression refrigeration cycle more closely approximate the actual cycle. 


11-7C No. Assuming the water is maintained at 10°C in the evaporator, the evaporator pressure will be the saturation 
pressure corresponding to this pressure, which is 1.2 kPa. It is not practical to design refrigeration or air-conditioning 
devices that involve such extremely low pressures. 


11-8C Allowing a temperature difference of 10°C for effective heat transfer, the condensation temperature of the 
refrigerant should be 25°C. The saturation pressure corresponding to 25°C is 0.67 MPa. Therefore, the recommended 
pressure would be 0.7 MPa. 


11-9C The area enclosed by the cyclic curve on a T-s diagram represents the net work input for the reversed Carnot cycle, 
but not so for the ideal vapor-compression refrigeration cycle. This is because the latter cycle involves an irreversible 
process for which the process path is not known. 


11-10C The cycle that involves saturated liquid at 30°C will have a higher COP because, judging from the T-s diagram, it 
will require a smaller work input for the same refrigeration capacity. 


11-11C The minimum temperature that the refrigerant can be cooled to before throttling is the temperature of the sink (the 
cooling medium) since heat is transferred from the refrigerant to the cooling medium. 
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11-12E A refrigerator operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a as the working 
fluid is considered. The increase in the COP if the throttling process were replaced by an isentropic expansion is to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-11E, A-12E, and A-13E), 


T, =20°F hy = h, @ zr = 105.98 Btu/Ibm 


sat. vapor | Sı = S4 @ 297 = 0.22341 Btu/lbm-R 


P, =300 psia 
52 =S] 


P, =300 psia ) h; =h; @ so0psia = 66-339 Btu/lbm 


} h, =125.68 Btu/lbm 


sat. liquid 
h, = h} = 66.339 Btu/lbm (throttling) 


T, = 20°F = 
wey gg 59-80 Brabin (isentropic expansion) 


S4 = S3 X4s = 0.4723 


The COP of the refrigerator for the throttling case is 


dı _ uha _ 105.98- 66.339 _, 
hy-h, 125.68-105.98 


COP, = 012 


Win 


The COP of the refrigerator for the isentropic expansion case is 


qı _ hy-hy, _ 105.98- 59.80 
wi h,-h) 125.68-105.98 


in 


COP, = = 2.344 


The increase in the COP by isentropic expansion is 16.5%. 
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11-13 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The COP 
and the power requirement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-11, A-12, and A-13), 


T; = 4°C hy = hg @ 4c = 252.77 kJ/kg 


sat. vapor | Sı = S4 @ 4c = 9.92927 kJ/kg -K 


P, =1MP 
2 i h, = 275.29 kJ/kg 
S3 = Sı 
P, =1 MPa 
h, =h = 107.32 KJ/k. 
sat. liquid } O È 


h, = h, =107.32 kJ/kg (throttling) 


The mass flow rate of the refrigerant is 


E , ) 400k 
E E EEN EE wee = 2.750 kg/s 
h,—hy  (252.77-107.32) KJ/kg 


The power requirement is 
Wa = m(h, —h,) = (2.750 kg/s)(275.29 — 252.77) kJ/kg = 61.93 kW 
The COP of the refrigerator is determined from its definition, 


Q, _ 400kW 


; =6.46 
W,, 61.93 kW 


COP, = 
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11-14 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The rate of 
heat removal from the refrigerated space, the power input to the compressor, the rate of heat rejection to the environment, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12 and A-13), 


sat. vapor S1 =Sq @120 kPa = 9-94779 kJ/kg -K 
P, =0.7MP 
2 É þr = 273.50 KJ/kg (T, =34.95°C) 
S2 =S] 
P, = 0.7 MPa 
hy =h = 88.82 KJ/k. 
sat. liquid } T ee $ 


hy = h; =88.82 kJ/kg (throttling) 


Then the rate of heat removal from the refrigerated space and the 
power input to the compressor are determined from 


Q, = m(h, — h, ) = (0.05 kg/s\(236.97 — 88.82) kJ/kg = 7.41 kW 
and 
Wi, = (h, — h; ) = (0.05 kg/s{273.50 — 236.97) kJ/kg = 1.83 kW 


(b) The rate of heat rejection to the environment is determined from 
Qu =Q; +W =7.41 +1.83 =9.23 kW 


(c) The COP of the refrigerator is determined from its definition, 
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11-15 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The rate of 
heat removal from the refrigerated space, the power input to the compressor, the rate of heat rejection to the environment, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12 and A-13), 


P, =120 a = h; @ 120 kPa = 236.97 kJ/kg T 


sat. vapor S1 = S4 @120 kPa = 9.94779 kJ/kg: K 
P, =0.9MP 
a: i þr = 278.93 kJ/kg (T, = 44.45°C) 
2 =a] 
P, = 0.9 MPa 

hy =h =101.61 KJ/k 
sat. liquid } Ap A NES, j 


hy = h; =101.61 kJ/kg (throttling) 


Then the rate of heat removal from the refrigerated space and the 
power input to the compressor are determined from 


Q, = m(h, — h, ) = (0.05 kg/s)(236.97 — 101.61) kJ/kg = 6.77 kW 
and 
W;, = (h, — h; ) = (0.05 kg/s\(278.93 — 236.97) kJ/kg = 2.10 kW 


(b) The rate of heat rejection to the environment is determined from 
Qu =Q; +W =6.77 + 2.10 = 8.87 kW 
(c) The COP of the refrigerator is determined from its definition, 


QL 6.77kW 
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11-16 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 


throttling valve in the cycle is replaced by an isentropic turbine. The percentage increase in the COP and in the rate of heat 


removal from the refrigerated space due to this replacement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 


Analysis If the throttling valve in the previous problem is replaced 
by an isentropic turbine, we would have 


S4s = S3 = Sf @ 0.7 MPa — 0.33230 kJ/kg K 
and the enthalpy at the turbine exit would be 


S4 —-S = 
: | ; r _ 0.33230 -0.09275 _ 9 2802 
@ 120 kPa 


Si 0.85503 
has = (hy + xhg) a 120 rpa = 22-49 + (0.2802)(214.48) = 82.58 kJ/kg 


Then, 
Q; =m(h, — hy, )=(0.05 kg/s)\(236.97 — 82.58) kJ/kg = 7.72 kW 
and 
Cops = 2a EW ay 
Wia 1.83 kW 


Then the percentage increase in Q and COP becomes 


AQ, _ 7.72-7.41 


Increase in Q, = — = 4.2% 
Qı Q; 7.41 
ACOP 23-4. 
Increase in COP} = Bo eae 4.2% 
COP, 4.06 
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11-17 A refrigerator with refrigerant-134a as the working fluid is considered. The rate of heat removal from the refrigerated 
space, the power input to the compressor, the isentropic efficiency of the compressor, and the COP of the refrigerator are to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) From the refrigerant tables (Tables A-12 and A-13), 


P, =0.20 MPa | h, = 248.80 kJ/kg T 
T, = -5°C sı =0.95407 kJ/kg -K 


ee hh = 300.61 KJ/kg 

= 

P,, =1.2 MP 

ae a Jins = 287.21 kJ/kg 

2s ~ 91 

; e hh = hy @ apc = 114.28 kJ/kg 


hy = h, =114.28 kJ/kg (throttling) 
Then the rate of heat removal from the refrigerated space and the power input to the compressor are determined from 
Q; = mh, — h4 )= (0.07 kg/s\248.80 — 114.28) kJ/kg = 9.42 kW 
and 
Win = rh(h, — h, )= (0.07 kg/s (300.61 — 248.80) kJ/kg = 3.63 kW 
(b) The isentropic efficiency of the compressor is determined from 


_Iyg —h, _ 287.21- 248.80 
h, —h,  300.61—248.80 


=0.741= 74.1% 


1c 


(c) The COP of the refrigerator is determined from its definition, 


Q, _9.42kW 
W,, 3.63kW 


in 


COP, = = 2.60 
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11-18E An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The mass 
flow rate of the refrigerant and the power requirement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-11E, A-12E, and A-13E), 


T,=5°F | hy =h; @sor =103.82 Btu/Ibm 
sat. vapor | S1 =Sg @5-p = 9.22485 Btu/Ibm-R 
P, =180 psi 
anes h, =121.99 Btu/Ibm 
S2 =S] 
P; =180 psia 
sat. liquid } hs =h; @180psia = 51.50 Btu/Ibm 


h, = h, =51.50Btu/lbm (throttling) 


The mass flow rate of the refrigerant is 


Q, =h -h )— rh = 22 -49000 Buh _ 60.1 1bmih 
h,—h, (103.82 — 51.50) Btu/lbm 
The power requirement is 
, ; [kw 
W,, =m(h, — h; ) = (860.1 lbm/h)(121.99 — 103.82) Btu/lbm| ———————_ | = 4,582 kW 
3412.14 Btu/h 
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EES 
11-19E Problem 11-18E is to be repeated if ammonia is used as the refrigerant. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 


P[3]=180 [psia] 
Q_dot_L=45000 [Btu/h] 


"Analysis" 

Fluid$='ammonia' 

"compressor" 

h[1]=enthalpy(Fluid$, T=T[1], x=x[1]) 
s[1]=entropy(Fluid$, T=T[1], x=x[1]) 
s[2]=s[1] 

P[2]=P[3] 

h[2]=enthalpy(Fluid$, P=P[2], s=s[2]) 
“expansion valve" 
h[3]=enthalpy(Fluid$, P=P[3], x=x[3]) 
h[4]=h[3] 

"cycle" 
m_dot_R=Q_dot_L/(h[1]-h[4]) 
W_dot_in=m_dot_R*(h[2]-h[1])*Convert(Btu/h, kW) 


Solution for ammonia 
COP_R=4.515 
Fluid$='ammonia' 
m_dot_R=95.8 [lbm/h] 
Q dot_L=45000 [Btu/h] 
W_dot_in=2.921 [kW] 


Solution for R-134a 
COP_R=2.878 
Fluid$='R134a' 
m_dot_R=860.1 [Ibm/h] 
Q dot_L=45000 [Btu/h] 
W_dot_in=4.582 [kW] 
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11-20 A commercial refrigerator with refrigerant-134a as the working fluid is considered. The quality of the refrigerant at 
the evaporator inlet, the refrigeration load, the COP of the refrigerator, and the theoretical maximum refrigeration load for 
the same power input to the compressor are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) From refrigerant-134a tables (Tables A-11 through A-13) 


Py 00KF# 2550 03 Wat 
= è o ater 
T, =-34°C f! z 26°C 
P, =1200 kPa 
hy = 295.16 kJ/kg 
T, = 65°C 
h; =111.23 kJ/kg Qi 
T; = 42°C in 
h, =h, =111.23 kJ/kg \/ Expansion Wa 
/\ valve 
P, = 60 kPa Compressor 


x4 =0.4795 
h, =111.23 kJ/kg 


Using saturated liquid enthalpy at the given temperature, 
for water we have (Table A-4) 

hyi =h f@isc = 75.47 kJ/kg 

Ayo =ħ f@2z6c = 108.94 kJ/kg 


Qr 


(b) The mass flow rate of the refrigerant may be determined from an energy balance on the compressor 
Mp (hy — hs) = my (hy — hm) 
Mp (295.16 —111.23)kJ/kg = (0.25 kg/s)(108.94 — 75.47) kJ/kg 
——> Np = 0.0455 kg/s 


The waste heat transferred from the refrigerant, the compressor power input, and the refrigeration load are 
Qu = mg (h, —h; ) = (0.0455 kg/s)(295.16 —111.23)kJ/kg = 8.367 kW 
Win = p (hs — hi) -Qin = (0.0455 kg/s)(295.16 — 230.03)kJ/kg — 0.450 kW = 2.513 kW 
Q; = Qy -Win — Qin =8.367 — 2.513 — 0.450 = 5.404 kW 
(c) The COP of the refrigerator is determined from its definition 


cop = 2t -5404 215 
2513 


in 


(d) The reversible COP of the refrigerator for the same 
temperature limits is 


1 1 


ax = = = 5.063 
Ty /T, -1 (84073) 304273) =1 


COP. 


Then, the maximum refrigeration load becomes 


Qi max = COP max Win = (5.063)(2.513 kW) = 12.72 kW 
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11-21 A refrigerator with refrigerant-134a as the working fluid is considered. The power input to the compressor, the rate 
of heat removal from the refrigerated space, and the pressure drop and the rate of heat gain in the line between the 
evaporator and the compressor are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the refrigerant tables (Tables A-12 and A-13), 
h; = 239.50 kJ/kg T 


P, =100 kPa = 
T, = -20°C hs =0.97207 kJ/kg- K 
vı =0.19841 m°/kg 

P, =0.8 MP 

oe bras = 284.07 kJ/kg 
S2s = S1 
P, = 0.75 MPa % 
T; =26°C hh = hy @ 26°C = 87.83 kJ/kg 


hy = h, =87.83 kJ/kg (throttling) 


T; =-26°C | P; =0.10173 MPa 
sat. vapor |h; = 234.68 kJ/kg 


Then the mass flow rate of the refrigerant and the power input becomes 


J 3 
raped meme D = = 0.0420 kg/s 
vi 0.19841 m/kg 


Wi, =th(h>, — h; )/7¢ = (0.0420 kg/s)|(284.07 — 239.50) kI/kg]/(0.78) = 2.40 kw 
(b) The rate of heat removal from the refrigerated space is 
Q; =m(h; — h4 )= (0.0420 kg/s)\(234.68 — 87.83) kJ/kg = 6.17 kW 
(c) The pressure drop and the heat gain in the line between the evaporator and the compressor are 
AP = P; — P, =101.73 -100 =1.73 


and 
Quain = ti(h, — hs )= (0.0420 kg/s (239.50 — 234.68) kJ/kg = 0.203 kW 
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EES 
11-22 Problem 11-21 is reconsidered. The effects of the compressor isentropic efficiency and the compressor inlet 
volume flow rate on the power input and the rate of refrigeration are to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

P[1]=100 [kPa] 
T[1]=-20 [C] 
V_dot=0.5 [m^3/min] 
P[2]=800 [kPa] 

"Eta _C=0.78" 
P[3]=750 [kPa] 
T[3]=26 [C] 
T[5]=-26 [C] 

x[5]=1 


"Analysis" 

Fluid$='R134a' 

"compressor" 

h[1]=enthalpy(Fluid$, P=P[1], T=T[1]) 
s[1]=entropy(Fluid$, P=P[1], T=T[1]) 
v[1J=volume(Fluid$, P=P[1], T=T[1]) 
s_s[2]=s[1] 

h_s[2]=enthalpy(Fluid$, P=P[2], s=s_s[2]) 
"expansion valve" 

x[3]=0 "assumed saturated liquid" 
h[3]=enthalpy(Fluid$, T=T[3], x=x[3]) 
h[4]=h[3] 

“evaporator exit" 

h[5]=enthalpy(Fluid$, T=T[5], x=x[5]) 
P[5]=pressure(Fluid$, T=T[5], x=x[5]) 
"cycle" 
m_dot=V_dot/v[1]*Convert(kg/min, kg/s) 
W_dot_in=m_dot*(h_s[2]-h[1])/Eta_C 
Q_dot_L=m_dot*(h[5]-h[4]) 
DELTAP=P[5]-P[1] 


Win [kW] 


Q_dot_gain=m_dot*(h[1]-h[5]) nc 
14 + T T T T T T T J 
Nc Win QL J 
[kw] [kw] 12 Aa i 
0.6 3.12 6.168 1 m`/min ] 
0.65 2.88 6.168 10 J 
0.7 2.674 6.168 J 
0.75 2.496 6.168 S 8 | 
0.8 2.34 6.168 = 0.5 m/min 1 
0.85 2.202 6.168 E 6 i—i aM 
0.9 2.08 6.168 "O J 
0.95 1.971 6.168 4 
1 1.872 6.168 J 
2 0.1 m?/min | 
0 L L L L 4 L L L ] 
06 0.65 07 075 08 08 09 0.95 1 

nc 
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11-23 A refrigerator uses refrigerant-134a as the working fluid and operates on the ideal vapor-compression 
refrigeration cycle except for the compression process. The mass flow rate of the refrigerant, the condenser pressure, 


and the COP of the refrigerator are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) (b) From the refrigerant-134a tables (Tables A-11 through A-13) 


P, =120kPa 

hy = 86.83 kJ/kg 
x4 = 0.30 
h; =hy 


h, = 86.83 kJ/kg 


; P; =671.8kPa 
x, = 0 (sat. liq.) 


P, = P, 

P, = 671.8kP 

: è Lh, = 298.87 kJ/kg 
T, = 60°C 


P, =P, =120kPa 


h, = 236.97 kJ/kg 
xı =1(sat. vap.) 


The mass flow rate of the refrigerant is determined from 


Win 0.45kW 


m= = = 0.00727 kg/s 


h,—h, (298.87 —236.97)kJ/kg 


(c) The refrigeration load and the COP are 


Q, =m(h, —hy) 
= (0.0727 kg/s)(236.97 — 86.83) kJ/kg 
=1.091 kW 
gops 2 IOW 9:43 
W,  0.45KW 


in 
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11-17 


11-24 A vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The hardware and the 
T-s diagram for this air conditioner are to be sketched. The heat absorbed by the refrigerant, the work input to the 
compressor and the heat rejected in the condenser are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In this normal vapor-compression refrigeration cycle, the refrigerant enters the compressor as a saturated vapor 
at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser pressure. 


(b) The properties as given in the problem statement are 
h4 = h3= hy@asec = 101 kJ/kg 
h; = hg @-5°C— 248.1 kJ/kg. 


The heat absorbed by the refrigerant in the evaporator is 
qr =h; — hy = 248.1-101=147.1kIJ/kg 


(c) The COP of the air conditioner is 


Cope aske 2) aig Bt | WY la deo 
3.412 Btu/h W 3.412 Btu/h 


The work input to the compressor is 


COP, = 22 — >w, = de = MIKI _ 91 akaikg 
COP, 4.689 


The enthalpy at the compressor exit is 
Win = hy — h, —> h, =h; + wz, = 248.1 kS/kg + 31.4 kJ/kg = 279.5 kJ/kg 
The heat rejected from the refrigerant in the condenser is then 


qu =h, — h; = 279.5-101=178.5 kJ/kg 
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11-25 A vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The amount of 
cooling, the work input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same temperature limits. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The expansion process through the expansion 
valve is isenthalpic: h4 = h3. Then, 


qi = hy — hy = 402.49 — 243.19 =159.3 kJ/kg 
qu = hy — h; = 454.00 — 243.19 = 210.8 kJ/kg 
Wi, =h, — h, = 454.00 — 402.49 = 51.51 kJ/kg 


qr _ 159.3 kJ/kg _ 
wi, 1.51 kS/kg 


in 


093 


COP = 


(c) Ideal vapor-compression refrigeration cycle solution: 


qr =h —hy = 399.04 — 249.80 = 149.2 kJ/kg 


qu =h, — h; = 440.71 — 249.80 =190.9 kJ/kg 


Win =h, — h; = 440.71 — 399.04 = 41.67 kJ/kg 
COP = qı _ 149.2 kJ/kg -3.582 
Win 41.67 kJ/kg 


Discussion In the ideal operation, the refrigeration load decreases by 
6.3% and the work input by 19.1% while the COP increases by 15.8%. 
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11-26 A vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The rate of 
cooling, the power input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle 
operated on the ideal vapor-compression refrigeration cycle between the same pressure limits. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the refrigerant-134a tables (Tables A-11 through A-13) 
Tat@200 kPa =710.1°C 


P, =200 kPa h; =253.05 kJ/kg T 
T, =—10.1+10.1=0°C Ís, = 0.9698 kJ/kg -K 
P, =1400 kPa 
h>, = 295.90 kJ/kg 
8) = 5) 
Tsat@1400 kPa 7 52.4°C 
P, =1400 kPa 


h, = h oagoe = 120.39 kI/k 
T; =52.4-44= ie 3 f@48°C g 


= hp, 5 hy 
1c = h, — hy 
peee Ne >h, =301.74 kJ/kg 
h, — 253.05 


Q; = rh(h — hy) = (0.025 kg/s)(253.05 — 120.39) =3.317 kW 
Qy =m(h, — h;) = (0.025 kg/s)(301.74 — 120.39) = 4.534 kW 
W,, =m(h, — h,) = (0.025 kg/s)(301.74 — 253.05) = 1.217 kW 


Q, _3.317kW 
W. 1.217kW 


I 


COP = =2.725 


(b) Ideal vapor-compression refrigeration cycle solution 
From the refrigerant-134a tables (Tables A-11 through A-13) 
P, = 200 kPa K =244.46 kJ/kg 


x =1 sı = 0.9377 kJ/kg -K 


P, =1400 kPa 
hy = 285.08 kJ/kg 
Sı = Si 
P, =1400 kPa 
i hr =127.22 KJ/kg 200 kPa 
X3 = 


hy =h, =127.22 kJ/kg 


Q; = m(h, — hy) = (0.025 kg/s)(244.46 — 127.22) = 3.931kW 
Qu =m(h, — hy) = (0.025 kg/s)(285.08 — 127.22) = 3.947 kW 
W,,, =m(h, — h, ) = (0.025 kg/s)(285.08 — 244.46) = 1.016 kW 


cop- -221kW 2.886 
W. 1.016kW 


I 


Discussion The cooling load increases by 18.5% while the COP increases by 5.9% when the cycle operates on the ideal 
vapor-compression cycle. 
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Second-Law Analysis of Vapor-Compression Refrigeration Cycles 


11-27C The second-law efficiency of a refrigerator operating on the vapor-compression refrigeration cycle is defined as 


Xo, _ W nin = X dest, total 
W W W 


MLR = 


where X a, is the exergy of the heat transferred from the low-temperature medium and it is expressed as 


x dest,total 18 the total exergy destruction in the cycle and W is the actual power input to the cycle. The second-law 
efficiency can also be expressed as the ratio of the actual COP to the Carnot COP: 


COP, 


mK j COP camot 


11-28C The second-law efficiency of a heat pump operating on the a vapor-compression refrigeration cycle is defined as 


Ex Qu W nin Èx dest,total 
LHe =F. i= 
W W W 
Substituting 


poc i and Ex, =Qy sou. 
COP yp Qu Ti 


into the second-law efficiency equation 


To 
, Exon wa í To je © COPyp _ COPpp 
ILHP t z H 7 
Qu Ty Qu Ty COP carnot 
COP yp Ty -T; 


since To.= Ty. 
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11-21 
11-29C In an isentropic compressor, S2 = Sı and h,, = h). Applying these to the two the efficiency definitions, we obtain 


n _ Wisen _ hy, —h; _ hy -h 
s,Comp w h, _ hy h, _ h 


=1=100% 


rev _ hy =h, —To(S2 = $1) _ hy -h 


= =1=100% 
7711,Comp w h, _ h h, T h, 0 


Thus, the isentropic efficiency and the exergy efficiency of an isentropic compressor are both 100%. 


The exergy efficiency of a compressor is not necessarily equal to its isentropic efficiency. The two definitions are 
different as shown in the above equations. In the calculation of isentropic efficiency, the exit enthalpy is found at the 
hypothetical exit state (at the exit pressure and the inlet entropy) while the exergy efficiency involves the actual exit state. 
The two efficiencies are usually close but different. In the special case of an isentropic compressor, the two efficiencies 
become equal to each other as proven above. 


11-30 A vapor-compression refrigeration system is used to keep a space at a low temperature. The power input, the COP 
and the second-law efficiency are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The power input is 


a ee 1k 
We, =Qy - Q; =6000 — 3500 = 2500 kJ/h = (2500 kJ/h)| —K™ _ |_ 0.6944 kw 
3600 kJ/h 
The COP is 
cop, = Q, _ (3500/3600) kW _} 4 


W; 0.6944 kW 


The COP of the Carnot cycle operating between the space and the ambient is 


T 
COPcamot = = as = 5.208 
Ty -T,  (298-250)K 


The second-law efficiency is then 


5 OR ee ot S 0.2688 = 26.9% 
COPcamot 5-208 


M1 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


11-22 


11-31 A refrigerator is used to cool bananas at a specified rate. The rate of heat absorbed from the bananas, the COP, The 
minimum power input, the second-law efficiency and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The rate of heat absorbed from the bananas is 
Q, = me ,(T; — T3) = (1140 kg/h)(3.35 kJ/kg - °C)(28 —12)°C = 61,100 kJ/h 
The COP is 


COP SLi (61,100/3600) kW _ 16.97 kW -1.97 
8.6 kW 8.6 kW 


in 
(b) Theminimum power input is equal to the exergy of the heat transferred from the low-temperature medium: 


28 + 273 


= 0.463 kw 
20 + 273 


: T, 
Exe, =-Q; í - = =-(16.97 w(i - 


where the dead state temperature is taken as the inlet temperature of the eggplants (Tp = 28°C) and the temperature of the 
low-temperature medium is taken as the average temperature of bananas T = (12+28)/2 = 20°C. 


(c) The second-law efficiency of the cycle is 


Ex; 
mı = —2 = 0463 L 0.0539 = 5.39% 
W, 8.6 


1 


The exergy destruction is the difference between the exergy expended (power input) and the exergy recovered (the exergy 
of the heat transferred from the low-temperature medium): 


EX jest =Win — EXg, =8.6 - 0.463 = 8.14 kW 
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11-32 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The power input, the mass 
flow rate of water in the condenser, the second-law efficiency, and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The power input is 


1kW 


aie Bout pu 7.034 kW 
-&r 3 OE Btuh/ _7034kW ATA 


™ COP 2.05 2.05 
(b) From an energy balance on the cycle, 
Qu =Q; +Win = 7.034 + 3.431 =10.46 kW 
The mass flow rate of the water is then determined from 
Qn 10.46 kW 
CywATy, (4.18 kJ/kg -°C)(12°C) 


pw w 


Qu =C „AT, — m= =0.2086 kg/s 


(c) The exergy of the heat transferred from the low-temperature medium is 
; , T, 20+2 
rsp oaae AA aW 
Q, T; 0 +273 
The second-law efficiency of the cycle is 


Ex; 
ny = oe = 99193 | 9.1502 = 15.0% 
W, 3-431 


I 


The exergy destruction is the difference between the exergy supplied (power input) and the exergy recovered (the exergy of 
the heat transferred from the low-temperature medium): 


Exa =Win — EXg, =3.431- 0.5153 = 2.916 kW 


Alternative Solution 
The exergy efficiency can also be determined as follows: 


T, _ 04273 
Ty -T, 20-0 


=13.65 


COPR carnot = 


COP 205 


= = 0.1502 =15.0% 
COPRcamat 13.65 


7 


The result is identical as expected. 
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11-33E A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R- 
134a, the COP, The exergy destruction in each component and the exergy efficiency of the compressor, the second-law 
efficiency, and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-11E through A-13E) 
P, =20 psia |h, =102.73 Btu/Ibm 
I" = 0.2257 Btu/lbm-R 

P, =140 psia | h, =131.36 Btu/Ibm 
T, =160°F \ = 0.2444 Btu/Ibm-R 
P, = 140 psia |h, = 45.30 Btu/Ibm 

i = 0.0921 Btu/Ibm- R 
hy = h, = 45.30 Btu/lbm 
P, =20 psia 
hy = 45.30 Btu/lbm 


x =l 


x; =0 


js = 0.1001 Btu/lbm : R 


The energy interactions in each component and the mass flow rate of R-134a are 


wi, =h, — h =131.36 — 102.73 = 28.63 Btu/lbm 
qy =h, — h; =131.36 — 45.30 = 86.06 Btu/lbm 
qi = qu — Win = 86.06 — 28.63 = 57.43 Btu/Ibm 


Q, (45,000 /3600) Btu/s 


=0.2177 Ibm/s 
qL 57.43 Btu/lbm 
The COP is 
cop = qı _ 57.43 Btu/lbm -2.006 
wW; 28.63 Btu/lbm 


in 
(b) The exergy destruction in each component of the cycle is determined as follows: 
Compressor: 


S gen,1-2 = S2 — Sı = 0.2444 — 0.2257 = 0.01874 Btu/Ibm - R 
EX est1-2 = MTS gon 1-2 = (0.2177 Ibm/s)(540 R)(0.01874 Btu/Ibm - R) = 2.203 Btuls 


Condenser: 


Sgen.2-3 = S3 — S3 + i = (0.0921 — 0.2444) Btu/lbm - R + Se = 0.007073 Btu/Ibm-R 
H 


Éxdcst2-3 = MTo Sgen 2-3 = (0.2177 lbm/s)(540 R)(0.007073 Btu/Ibm - R) = 0.8313 Btuls 


Expansion valve: 


Sgen 3-4 = S4 — S3 = 0.1001 — 0.0921 = 0.007962 Btu/lbm -R 


ÈXaest3.4 = ToS (0.2177 lbm/s)(540 R)(0.007962 Btu/Ibm - R) = 0.9359 Btuls 


gen,3-4 — 
Evaporator: 
43 Btu/l 
Sgen.a-1 =S1 ~ 54 ~ 2 = (0.2257 — 0.1001) Btu/Ibm - R See Biulbin _ 9603400 Riu R 
i T, 470R 


ÉxXdest4-1 = To Sgen 4-1 = (0.2177 Ibm/s)(540 R)(0.003400 Btu/Ibm - R) = 0.3996 Btu/s 
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The power input and the exergy efficiency of the compressor is determined from 
W,,, = MW; = (0.2177 lbm/s)(28.63 Btu/Ibm) = 6.232 Btu/s 


Eximia Si 2.203 Btu/s _ 
W, 6.232 Btu/s 


1 


0.6465 = 64.7% 


my =1 


(c) The exergy of the heat transferred from the low-temperature medium is 


. . T 
Exo =-Q;| 1- =* |=-(45000/3600 Bws(i = = = 1.862 Btu/s 
; T; 470 


The second-law efficiency of the cycle is 


Exo, _ 1.862 Btu/s 
W. 6.232 Btu/s 


in 


= 0.2987 = 29.9% 


1u = 


11-25 


The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 


recovered (the exergy of the heat transferred from the low-temperature medium): 


EX estotal = Win — EXg, = 6.232 — 1.862 = 4.370 Btuls 


The total exergy destruction can also be determined by adding exergy destructions in each component: 


Ex etea z Bins + eps $ EX isad P ÈX ey 
= 2.203 + 0.8313 + 0.9359 + 0.3996 
= 4.370 Btu/s 


The result is the same as expected. 
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11-34 A vapor-compression refrigeration cycle is used to keep a space at a low temperature. The mass flow rate of R-134a, 
the COP, The exergy destruction in each component and the exergy efficiency of the compressor, the second-law 
efficiency, and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and 
potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-11 through A-13) 
P, =1.2 MPa |h, = 278.27 kJ/kg 
T, =50°C = 0.9267 kJ/kg -K 
P, =1.2 MPa | h, =117.77 kJ/kg 
x3 =0 c = 0.4244 kJ/kg -K 


The rate of heat transferred to the water is the energy change of the 
water from inlet to exit 


Qu = tiyCy(Ty2 —Ty1) = (0-15 kg/s)(4.18 kJ/kg «°C)(28 — 20)°C = 5.016 kW 


The energy decrease of the refrigerant is equal to the energy increase of the water in the condenser. That is, 


l Qu - 5.016 kW 


=mMp(h, -h >Mp = = 0.03125 kg/s 

Qu = Mal —Ms) R h -h, (278.27-117.77) kJ/kg F 

The refrigeration load is 
. . . 12 Btu/h 

Q, =Qy -Win =5.016 -2.2 = 2.816 kW = esioxw| 222R) =9610 Btu/h 
The COP of the refrigerator is determined from its definition, 

COP=L1 -2816W 14.38 

W; 2.2 kW 


1 
(b) The COP of a reversible refrigerator operating between the same temperature limits is 


T, -12+ 273 


= =8.156 
Ta -T, (20+273)-(-12 + 273) 


COPcamot z 


The minimum power input to the compressor for the same refrigeration load would be 
Qi  _2816kW 


Win min 7 = 0.3453 kW 
i COPcarnot 8.156 
The second-law efficiency of the cycle is 
W. ..; 
ty = — = = 0.3453 0,1569 =15.7% 
W; 22, 


1 


The total exergy destruction in the cycle is the difference between the actual and the minimum power inputs: 


ÈX dest total = Win —Win,min = 2-2- 0.3453 = 1.85 kW 


n,min 


(c) The entropy generation in the condenser is 


E T AE 
gen,cond 7 MyC p n +Mp (s3 z S2) 
w,l 


28 + 273 


= (0.15 kg/s)(4.18 kJ/kg - °C) In 
C gs) A Eee 


+ (0.03125 kg/s)(0.4004 — 0.9267) kJ/kg - K) 


= 0.001191 kW/K 
The exergy destruction in the condenser is 


EX destcond = ToS gen,cond = (293 K)(0.001 191 kW/K) = 0.349 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


11-27 


11-35 An ideal vapor-compression refrigeration cycle is used to keep a space at a low temperature. The cooling load, the 
COP, the exergy destruction in each component, the total exergy destruction, and the second-law efficiency are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-11 through A-13) 
T, =-10°C I = 244.51 kJ/kg 

sı = 0.9377 kJ/kg: K 
P, = Pyw@s7.9°c = 1600 kPa 


x =l 
hr = 287.85 kJ/kg 
S4=5] 
P, =1600 kPa | h, =135.93 kJ/kg 
=0.4791 kJ/kg: K 
hy = h} =135.93 kJ/kg 
T, =-10°C 
hy =135.93 kJ/kg 


xX; =0 


Is = 0.5251 kJ/kg : K 


The energy interactions in the components and the COP are 


qr =h; — hy = 244.51- 135.93 = 108.6 kJ/kg 


qy =h, — h, = 287.85 -135.93 =151.9 kJ/kg 


Win = h, — hy = 287.85 — 244.51 = 43.33 kJ/kg 
nope ia Oeke «> coe 
Win 43.33 KJ/kg 


(b) The exergy destruction in each component of the cycle is determined as follows 
Compressor: 


Sgen,1-2 = $2 7S1 = 0 


EX dest,1-2 = ToS gen,1-2 =0 
Condenser: 
Sgen,2-3 = S3 — S2 + an = (0.4791 — 0.9377) kJ/kg -K + eee = 0.05124 kJ/kg -K 


H 


Exaest23 "ToS (298 K)(0.05124kI/kg - K) = 15.27 kJIkg 


gen,2-3 = 
Expansion valve: 


Sgen 3-4 = 54 — $3 = 0.5251— 0.4791 = 0.04595 kI/kg-K 


EX gest3-4 = ToS (298 K)(0.04595 kJ/kg - K) =13.69 kJ/kg 


gen,3-4 7 
Evaporator: 
108.6 kJ/k 
Sgen,4-1 = S1 Z S4 — u- (0.9377 — 0.5251) kJ/kg : K — SONS = 0.02201 kJ/kg : K 
i T; 278K 


EX¢ecta1 = ToS (298 K)(0.02201kJ/kg - K) = 6.56 kJ/kg 


gen,4-1 = 
The total exergy destruction can be determined by adding exergy destructions in each component: 


ÉX dest.total = EX gest,1-2 + EX gest-3 + ÉX dest,3-4 + EX dest4-1 
=0+15.27 + 13.69 + 6.56 = 35.52 kJ/kg 
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(c) The exergy of the heat transferred from the low-temperature medium is 


Ex, = a ae wie pee |e 12kJ/k 
Xq, = AL EA =-( 08.6 kJ g) 78 =7.8 J, g 


The second-law efficiency of the cycle is 


Exa, 7.812 
Win 43.33 


0.1803 = 18.0% 


The total exergy destruction in the cycle can also be determined from 


EX gestsoral = Win — EXq, = 43.33 — 7.812 =35.52 kJ/kg 


The result is identical as expected. 


The second-law efficiency of the compressor is determined from 


7 2. X recovered =; Wrey _ [hy a h; z To (So Z5] )] 
ILCo: : 3 A 
Es X expended Wat, in m(hy m h;) 


since the compression through the compressor is isentropic (S2 = sı), the second-law efficiency is 


771,Comp =1=100% 


The second-law efficiency of the evaporator is determined from 


= x recovered _ Q, (To a T; ) / T; E X dest,4-1 
7711, Evap > 3 l-— - 
X erjended mh, —h, -To (S4 -s,)] X4-X, 
where 
x4 — X; =hy —h, —To(s4 -$;) 
= (135.93 — 244.51) kJ/kg — (298 K)(0.5251 — 0.9377) kJ/kg - K 
=14.37 kJ/kg 
Substituting, 


= X dest,4-1 ae 6.56 kJ/kg ~ 0.544 = 54.4% 


=1 
7711, Evap X4—X 14.37 kJ/kg 
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11-36 An ideal vapor-compression refrigeration cycle uses ammonia as the refrigerant. The volume flow rate at the 
compressor inlet, the power input, the COP, the second-law efficiency and the total exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of ammonia are given in problem statement. An energy balance on the cindenser gives 
dy =h; — hy =1439.3 — 437.4 =1361 kJ/kg T 


Qu 18KW 
qu 1361kI/kg 


= 0.01323 kg/s 


The volume flow rate is determined from 
V, = mv, = (0.01323 kg/s)(0.5946 m*/kg) 
= 0.007865 m*/s = 7.87 LIs 
(b) The power input and the COP are 


200 kPa 


Win = (h — h,) = (0.01323 kg/s)(1798.3 — 1439.3)kJ/kg = 4.75 kW 
Q, =m(h, —h,) = (0.01323 kg/s)(1439.3 — 437.4)kI/kg = 13.25 kW 


Q, _13.25kW _ 
W. 4.75kW 


1 


COP = 2.79 


(c) The exergy of the heat transferred from the low-temperature medium is 
; : T, 300 
Ex, =-Q;| 1- |=-(13.25kW)| 1- — | =1.81 kW 
QL àf T; ) ( f = 


The second-law efficiency of the cycle is 


Exo, 181 
W.. 4.75 


in 


Mi 0.381 = 38.1% 


The total exergy destruction in the cycle is the difference between the exergy supplied (power input) and the exergy 
recovered (the exergy of the heat transferred from the low-temperature medium): 


EX gestjotal =Win — EXg, =4.75 -1.81 =2.94 kW 


Q 
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> 
11-37 Prob. 11-36 is reconsidered. Using EES software, the problem is to be repeated ammonia, R-134a and R-22 is 
used as a refrigerant and the effects of evaporator and condenser pressures on the COP, the second-law efficiency and the 
total exergy destruction are to be investigated. 


Analysis The equations as written in EES are 


"GIVEN" 

P_1=200 [kPa] it Equations Window 
P_2=2000 [kPa] enee 
Q_dot_H=18 [kW] P_1=200 [kPa] 

2 P_2=2000 [kP 
T_L=(-9+273) [K] Onset Hele TA] 
T_H=(27+273) [K] Taed iel 
"PROPERTIES" "PROPERTIES" 
Fluid$="ammonia’ A aa 
x_1=1 E EN P=P_1, x=x_1) 
x_3=0 s_1=entropy(Fluids, P=P_1. x=x_1) 
h_1=enthalpy(Fluid$, P=P_1, x=x_1) Vel evalume luis Ere 
s_1=entropy(Fluid$, P=P_1, x=x_1) ne 

h_3-enthalpy(Fluid$, P=-P_2, x=x_3 
v_1=volume(Fluid$, P=P_1, x=x_1) 535 Se E P 
h_2=enthalpy(Fluid$, P=P_2, s=s_1) h- PA ae ees 
s 2=s 1 _4=entropy(Fluid$, P=P_1, h=h_ 
h_3=enthalpy(Fluid$, P=P_2, x=x_3) q_H=h_2-h_3 
s_3=entropy(Fluid$, P=P_2, x=x_3) ET 

Q_dot_L-m_dot*(h_1-h_4 
h_4=h_3 . Care gts tare 
s_4=entropy(Fluid$, P=P_1, h=h_4) COP=G_dot_LW_dot_in 


Ex_dot_QL=-Q_dot_L"(I-T_H/T_L) 
eta_ll=Ex_dot_QL/vV/_dot_in 
q_H=h_2-h_3 Ex_dot_dest=W_dot_in-Ex_dot_QL 


m_dot=Q_dot_H/q_H 
Vol_dot_1=m_dot*v_1 
Q_dot_L=m_dot*(h_1-h_4) 
W_dot_in=m_dot*(h_2-h_1) 
COP=Q_dot_L/W_dot_in 
Ex_dot_QL=-Q_dot_L*(1-T_H/T_L) 
eta_II=Ex_dot_QL/W_dot_in 
Ex_dot_dest=W_dot_in-Ex_dot_QL 


The solutions in the case of ammonia, R-134a and R-22 are 


= Solution BEE «= Solution BEE 
Main | i Main | 
Unit Settings: [kJ]/[C]/[kPa]/[kg]/[degrees] 


Unit Settings: [KJ]/[C]/[kPa}/[kg]/{d 
COP = 2.791 ny = 0.3805 aa ead 


f l COP = 1.931 ny = 0.2633 
Exgest = 2-941 [kw] Exg = 1.807 [kW] Exgest = 4524 [kW] ExgL= 1.617 [kw] 
Fluid$ = 'ammonia' hy = 1439.25 [kJ/kg] Fluid$ = 'R134a! hy = 244.46 [kJ/kg] 
hə = 1798.26 [kJ/kg] hg = 437.39 [kJ/kg] ho = 292.46 [kJ/kg] hg = 151.76 [kJ/kg] 
hg = 437.39 [kJ/kg] m = 0.01323 [kg/s] hg = 151.76 [kJ/kg] m = 0.1279 [kg/s] 
Py=200 [kPa] Po= 2000 [kPa] P= 200 [kPa] P= 2000 [kPa] 

Qy =18 [kW] Q, = 13.252 [kw] Òp =18 [kW] Ò, = 11.859 [kW] 
qy = 1361 [kJ/kg] s4 = 5.8865 [kJ/kg-K] qy = 140.7 [kJ/kg] s4 = 0.9377 [kJ/kg-K] 
Sy = 5.8865 [kJ/kg-K] s3 = 1.7892 [kJ/kg-K] s3 = 0.9377 [kJ/kg] $3 = 0.5251 [kJ/kg-K] 
s4 = 1.9469 [kJ/kg-K] Ty = 300 [K] 84 = 0.5854 [kJ/kg-K] Ty = 300 [K] 

T= 264 [K] Vol, = 0.007865 [m/s] T= 264 [K] Vol, = 0.01278 [m3/s] 
v4 = 0.5946 [m3/kg] Win = 4.748 [kW] v4 = 0.09987 [m3kg] W,,= 6.141 [kW] 

xy =1 X3 =0 x =I xz =0 


No unit problems were detected No unit problems were detected 


Calculation time = .0 sec Calculation time = .0 sec 
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ZA Solution | - |} x| 


Main | 


Unit Settings: [kJ]/[C}/[kPa]/[kg]/[degrees] 


COP = 2.164 yy = 0.2951 
Exdest = 4.01 [KW] Exgy = 1.679 [KW] 
Fluid$ = 'R22' hy = 394.67 [kJ/kg] 
hy = 454.51 [kJ/kg] h3 = 265.17 [kJ/kg] 
hg = 265.17 [kJ/kg] m = 0.09507 [kg/s] 
P= 200 [kPa] P= 2000 [kPa] 

Qy =18 [kW] Ò, =12.311 [kW] 
gy = 189.3 [ku/kg] s4 = 1.7915 [kJ/kg-K] 
s3 = 1.7915 [kJ/kg-K] s3 = 1.2139 [kJ/kg-K] 
s4 = 1.2693 [kJ/kg-K] Ty = 300 [K] 

T= 264 [K] Vol, = 0.01068 [ms] 
v4 = 0.1123 [m3/kg] Wi, = 5.689 [kW] 
qa x3 =0 


No unit problems were detected. 


Calculation time = .0 sec 


Now, we investigate the effects of evaporating and condenser pressures on the COP, the second-law efficiency and the total 
exergy destruction. The results are given by tables and figures. 


fe | 4 
aes: Parametric Table : 
i: Parametric Table 


P2 


4.5 r r r r r r 0.6 
0.55 
4 
0.5 
a g? 0.45 
8 _ 
3 04 = 
0.35 
2.5 
0.3 
2 i í , , , , 0.25 
100 150 200 250 300 350 400 
P, [kPa] 
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Selecting the Right Refrigerant 


11-38C The desirable characteristics of a refrigerant are to have an evaporator pressure which is above the atmospheric 
pressure, and a condenser pressure which corresponds to a saturation temperature above the temperature of the cooling 
medium. Other desirable characteristics of a refrigerant include being nontoxic, noncorrosive, nonflammable, chemically 
stable, having a high enthalpy of vaporization (minimizes the mass flow rate) and, of course, being available at low cost. 


11-39C The minimum pressure that the refrigerant needs to be compressed to is the saturation pressure of the refrigerant at 
30°C, which is 0.771 MPa. At lower pressures, the refrigerant will have to condense at temperatures lower than the 
temperature of the surroundings, which cannot happen. 


11-40C Allowing a temperature difference of 10°C for effective heat transfer, the evaporation temperature of the refrigerant 


should be -20°C. The saturation pressure corresponding to -20°C is 0.133 MPa. Therefore, the recommended pressure 
would be 0.12 MPa. 


11-41 A refrigerator that operates on the ideal vapor-compression cycle with refrigerant-134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be -20°C and 35°C, respectively. The saturation pressures corresponding to these 
temperatures are 0.133 MPa and 0.888 MPa. Therefore, the recommended evaporator and condenser pressures are 0.133 
MPa and 0.888 MPa, respectively. 


11-42 A heat pump that operates on the ideal vapor-compression cycle with refrigerant-134a is considered. Reasonable 
pressures for the evaporator and the condenser are to be selected. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis Allowing a temperature difference of 10°C for effective heat transfer, the evaporation and condensation 
temperatures of the refrigerant should be 4°C and 36°C, respectively. The saturation pressures corresponding to these 
temperatures are 338 kPa and 912 kPa. Therefore, the recommended evaporator and condenser pressures are 338 kPa and 
912 kPa, respectively. 
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Heat Pump Systems 


11-43C A heat pump system is more cost effective in Miami because of the low heating loads and high cooling loads at 
that location. 


11-44C A water-source heat pump extracts heat from water instead of air. Water-source heat pumps have higher COPs 
than the air-source systems because the temperature of water is higher than the temperature of air in winter. 


11-45E A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a as the working 
fluid is considered. The COP of the heat pump is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-11E, A-12E, and A-13E), 


T, = 40°F hy =h, @ 4r = 108.78 Btu/Ibm 


sat.vapor | Sı =Sg @ 4f = 0.22189 kJ/kg: K 
P, =100 psi 

2 ve h, =114.98 Btu/Ibm 
S2 =S; 


P, =100 psia 
sat. liquid 


h, = h, =37.869 Btu/lbm (throttling) 


} hs =h f @ 100psia = 37-869 Btu/lbm 


The COP of the heat pump is determined from its definition, 


Cop... = Gt. _ farts _ 114.98-37.869 _ 45 45 
a hy-h, 114.98 -108.78 


in 
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11-46 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid 
is considered. The COP and the rate of heat supplied to the evaporator are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters the 
compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-11, A-12, and A-13), 


sat. vapor S1 =Sq @ 200kPa = 0.93773 kJ/kg -K 
P, =1000kP 
i * } h, = 277.98 kJ/kg 
S, =S] 
P, =1000 kPa 
sat. liquid } h, = hy @1000kPa = 107.32 kJ/kg 


hy = h, =107.32kJ/kg (throttling) 


The mass flow rate of the refrigerant is determined from 


aM _ W, 
Win = m(h, -h )—> m =-— -= os =0.179 kg/s 
h, —h, (277.98 — 244.46) kJ/kg 


Then the rate of heat supplied to the evaporator is 


Q; =m(h, — h4) = (0.179 kg/s)(244.46 — 107.32) kJ/kg = 24.5 kW 
The COP of the heat pump is determined from its definition, 


cop, da. — ha ahs _ 277.98-107.32 _ 
TE h,—h, 277.98 — 244.46 


5.09 


in 
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11-47 A heat pump operating on the ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid 
is considered. The rate of heat transfer to the heated space and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. 


Qu 


Condenser 


\/_ Expansion 
valve 


Compressor 


Q: 


sat. vap. 


(b) The properties as given in the problem statement are 
hg = h;= hj@ 1400 kea = 127.2 kJ/kg 
hi = hg @20°c = 261.6 kJ/kg. 
The enthalpy at the compressor exit is 
=h, -h —>h, =h; + w = 261.6 kJ/kg + 20 kJ/kg = 281.6 kJ/kg 


Win 


The mass flow rate through the cycle is 


Q 2.7 kJ/s 
h,—hy (261.6 — 127.2) kJ/kg 


Q; = rit(h, — hy) —> rh = = 0.02009 kg/s 


The rate of heat transfer to the heated space is 
Qu = m(h, — h, ) = (0.02009 kg/s)(281.6 — 127.2) kJ/kg = 3.10 kW 
(c) The COP of the heat pump is 


rh (0.02009 kg/s)(20 kJ/kg) 


in MWin 
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11-48 A heat pump vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
hardware and the T-s diagram for this heat pump are to be sketched. The power input and the COP are to be determined. 


Analysis (a) In a normal vapor-compression refrigeration cycle, the refrigerant enters the compressor as a saturated vapor at 
the evaporator pressure, and leaves the condenser as saturated liquid at the condenser pressure. 


240 kPa 


Q; 


(b) The properties as given in the problem statement are 
hg = h3= hf@ 1600 kea = 134 kJ/kg 
hı = hg @ 240 kPa = 244 kJ/kg. 
ho, = 285 kJ/kg. 
From the definition of isentropic efficiency for a compressor, 


hy, -h 285 — 244 


_h,-h 1244+ r = 292.2 kJ/kg 


1] Comp h, = h 


>h, =h + 


Then the work input to the compressor is 


Win =h, — h; = 292.2 — 244 = 48.2 kJ/kg 


The mass flow rate through the cycle is 
211/60 c) 


Q H e ton 1 ton 


Jy =m(h, -h > m= 7 = 0.04446 kg/s 
Qu (hy — hg) h, -h, (292.2 - 134) kJ/kg s 


Then the power input to the compressor is 
W,,, = mW; = (0.04446 kg/s)(48.2 kJ/kg) = 2.14 kW 


The COP of the heat pump is 


: 2 ron 2 M00 ws) 
on 
COP,» = = ai =3.29 


in 
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11-49 A geothermal heat pump is considered. The degrees of subcooling done on the refrigerant in the condenser, the mass 
flow rate of the refrigerant, the heating load, the COP of the heat pump, the minimum power input are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) From the refrigerant-134a tables (Tables A-11 through A-13) 
i an P, =572.1kPa 


x4 =0.23 | hy =121.24 kJ/kg 

hy =h, 

P, =572.1kPa k = 261.59 kJ/kg Wa 
xı =1 (sat. vap.)| sı = 0.9223 kJ/kg 


P, =1400 kP 
2 : bas = 280.00 kJ/kg 


From the steam tables (Table A-4) sat. vap. 
hı =hy @soc = 209.34 kJ/kg Renee 40°C 


hyo = Ny @aore = 167.53 kJ/kg 


The saturation temperature at the condenser pressure of 
1400 kPa and the actual temperature at the condenser 
outlet are 


T sat @1400kPa = 92.40°C 


P, =1400kPa 


T, = 48.59°C (from EES) 
h, = 121.24 kJ/kg 


Then, the degrees of subcooling is 
AT. Ta -T3 = 52.40 — 48.59 = 3.81°C 


subcool = 


(b) The rate of heat absorbed from the geothermal water in the evaporator is 
Q; = My (hy —h,,.) = (0.065 kg/s)(209.34—167.53)kJ/kg = 2.718 kW 
This heat is absorbed by the refrigerant in the evaporator 


pg = Q: -— 2TI8BKW ___ 0.01936 kg/s 
hi —-h, (261.59—121.24)kJ/kg 


(c) The power input to the compressor, the heating load and the COP are 
Win = mp (h — hy) + Qo = (0.01936 kg/s)(280.00 — 261.59)kJ/kg = 0.6564 kW 
Qu = mp (h, — hz) = (0.01936 kg/s)(280.00 —121.24)kJ/kg = 3.074 kW 


Qy _ 3.074kW | 
W, 0.6564kW 


in 


COP = 4.68 


(d) The reversible COP of the cycle is 


1 1 
1-T, /Tg 1-(25+273)/(50+273) 


COP = 12.92 


The corresponding minimum power input is 


w -Qu _3074KW 
mee COP 12.92 


= 0.238 kW 


rev 
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11-50 An actual heat pump cycle with R-134a as the refrigerant is considered. The isentropic efficiency of the compressor, 
the rate of heat supplied to the heated room, the COP of the heat pump, and the COP and the rate of heat supplied to the 
heated room if this heat pump operated on the ideal vapor-compression cycle between the same pressure limits are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of refrigerant-134a are (Tables A-11 through A-13) 
P, = 800 kPa 
T, =55°C 
ST angie = 29-06°C 750 kPa 
P, = 750 kPa 
T, = (29.06 — 3)°C 
hy = h, = 87.91 kJ/kg 
Tsat@200kPa = —10.09°C 
P, = 200 kPa I = 247.87 kJ/kg 


hn, = 291.76 kJ/kg . 
H 800 kPa 
55°C 


Condenser 
| h; = 87.91 kJ/kg 


\ / Expansion 


/\ valve 
Compressor 


T, = (=10.09+4)°CÍ s, = 0.9506 KJ/kg 
P, =800 kPa 

hy, =277.26 
E Q 


The isentropic efficiency of the compressor is 


Fig =H DTT 26524787 
h,—-h, 291.76 -247.87 


Ne = 0.670 


(b) The rate of heat supplied to the room is 
Qu =m(h, —h;) = (0.018 kg/s)(291.76— 87.91) kJ/kg = 3.67 kW 


(c) The power input and the COP are 


Wi, = (h, —h,) = (0.018kg/s)(291.76 —247.87)kI/kg = 0.790 kW 


in 


(d) The ideal vapor-compression cycle analysis of the cycle is as 
follows: 


h, =Ag@ 200 kpa = 244.46 KJ/kg m 
Si = Sg@ 200 kPa — 0.9377 kJ/kg.K 


P, =800 kPa 


hn = 273.25 kJ/kg 
S2 =S] 


hy = h; 


h, -ħ, 273.25 -95.47 
h, —h, 273.25-244.46 


COP = =6.18 


Qu = m(h, —h;) = (0.018 kg/s)(273.25 —95.47)kI/kg = 3.20 kW 
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Innovative Refrigeration Systems 


11-51C Performing the refrigeration in stages is called cascade refrigeration. In cascade refrigeration, two or more 
refrigeration cycles operate in series. Cascade refrigerators are more complex and expensive, but they have higher COP's, 
they can incorporate two or more different refrigerants, and they can achieve much lower temperatures. 


11-52C Cascade refrigeration systems have higher COPs than the ordinary refrigeration systems operating between the 
same pressure limits. 


11-53C The saturation pressure of refrigerant-134a at -32°C is 77 kPa, which is below the atmospheric pressure. In reality 
a pressure below this value should be used. Therefore, a cascade refrigeration system with a different refrigerant at the 
bottoming cycle is recommended in this case. 


11-54C We would favor the two-stage compression refrigeration system with a flash chamber since it is simpler, cheaper, 
and has better heat transfer characteristics. 


11-55C Yes, by expanding the refrigerant in stages in several throttling devices. 


11-56C To take advantage of the cooling effect by throttling from high pressures to low pressures. 
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11-57 D A two-stage compression refrigeration system with refrigerant-134a as the working fluid is considered. The 
fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed from the 
refrigerated space, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 


Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A-11, A- 
12, and A-13) to be 
h, =234.44 kJ/kg, h, = 262.68 kJ/kg T 
h; = 255.55 kJ/kg, 
h; =127.22 kJ/kg, hę =127.22 kJ/kg 
h; = 63.94 kJ/kg, hg = 63.94 kJ/kg 
The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 
hg -hf _ 127.22- 63.94 
hig 191.62 


= 0.3303 


X6 = 


(b) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 


Èn 2 Eon -AÈ #0 (steady) _ Q 


system 
Ein z É out 
$ hehe = $ mph, 
(1)ho = x6h; + (1 - x6 Jh, 
ho = (0.3303)(255.55)+ (1 — 0.3303)(262.68) = 260.33 kJ/kg 
P, =0.4 MPa 


Sy =0.9437 kJ/kg -K 
hy = 260.33 kJ/kg 


also, 


P, =1.4 MPa 


h, = 287.07 kJ/kg 
S4 = Sq = 0.9437 kI/kg-K 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 


Mg =(1— xs m4 =(1—0.3303\(0.25 kg/s)= 0.1674 kg/s 


Q; =mp(h; — hg )= (0.1674 kg/s\234.44 — 63.94) kJ/kg = 28.55 kW 


Win = Weomplin + Weompllin = m a (h, ~ ho )+ Mp (h, ~ hy ) 
= (0.25 kg/s (287.07 — 260.33) kJ/kg + (0.1674 kg/s\262.68 — 234.44) kJ/kg 
=11.41 kW 


(c) The coefficient of performance is determined from 


Q, _ 28.55kW _ 


= —— = 2.50 
11.41 kW 


COP == 


net,in 
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11-58 A two-stage compression refrigeration system with refrigerant-134a as the working fluid is considered. The fraction 
of the refrigerant that evaporates as it is throttled to the flash chamber, the rate of heat removed from the refrigerated space, 
and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flash 
chamber is adiabatic. 
Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables (Tables A-11, A- 
12, and A-13) to be 
h, = 234.44 kJ/kg, h, =271.40 kJ/kg 
h, = 262.40 kJ/kg, T 
h; =127.22 kJ/kg, hę =127.22 kJ/kg 
h, =81.51 kJ/kg, hş =81.51 kJ/kg 
The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at 
state 6, 
hę—hf _ 127.22 -81.51 
h 180.90 


=0.2527 


X6 = 


(b) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 


È. — E ct - AE 0 (steady) =0 


Ein = Bg 
$ hehe = $h; 
(I)hy = xsh; + (1 - x6 Jh, 
hg = (0.2527 262.40) + (1 — 0.2527271.40)= 269.13 kJ/kg 


in system 


P, =0.6 MPa 


Sg =0.9443 kJ/kg -K 
hy = 269.13 kJ/kg 


also, 


P, =1.4 MPa 


hy = 287.28 kJ/kg 
S4 = Sọ = 0.9443 kJ/kg -K 


Then the rate of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 


Mpg =(1- xs )m a =(1-— 0.2527)(0.25 kg/s)= 0.1868 kg/s 
Q; =mp(h, — hg )= (0.1868 kg/s\(234.44 - 81.51) kJ/kg = 28.57 kW 


Win = WeompLin + Wcomptlin T m (h, a ho ) + Mp (h, = h) 
= (0.25 kg/s (287.28 — 269.13) kJ/kg + (0.1868 kg/s)(271.40 — 234.44) kJ/kg 
=11.44kW 


(c) The coefficient of performance is determined from 


COP, Or oT EM eG 
W, 11.44 kW 


net,in 
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>) 
11-59 Problem 11-57 is reconsidered. The effects of the various refrigerants in EES data bank for compressor 
efficiencies of 80, 90, and 100 percent is to be investigated. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Fluid$='R134a' 
"Input Data" 
P[1]=100 [kPa] 

P[4] = 1400 [kPa] 
P[6]=400 [kPa] 
"Eta_comp =1.0" 
m_dot_A=0.25 [kg/s] 


"High Pressure Compressor A" 

P[9]=P[6] 

h4s=enthalpy(Fluid$,P=P[4],s=s[9]) "State 4s is the isentropic value of state 4" 
h[9]+w_compAs=hd4s "energy balance on isentropic compressor" 


w_compA=w_compAs/Eta_comp"definition of compressor isentropic efficiency" 
h[9]+w_compA=h[4] "energy balance on real compressor-assumed adiabatic" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) "properties for state 4" 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

W_dot_compA=m_dot_A*w_compA 


"Condenser" 

P[5]=P[4] "neglect pressure drops across condenser" 
T[5]=temperature(Fluid$,P=P[5],x=0) "properties for state 5, assumes sat. lig. at cond. exit" 
h[5]=enthalpy(Fluid$, T=T[5],x=0) "properties for state 5" 

s[5]=entropy(Fluid$,T=T[5],x=0) 

h[4]=q_H+h[5] "energy balance on condenser" 

Q_ dot_H=m_dot_A*q_H 


"Throttle Valve A" 

h[6]=h[5] “energy balance on throttle - isenthalpic" 
x6=quality(Fluid$,h=h[6],P=P[6]) "properties for state 6" 
s[6]=entropy(Fluid$,h=h[6],P=P[6]) 
T[6]=temperature(Fluid$,h=h[6],P=P[6]) 


"Flash Chamber" 

m_dot_B = (1-x6) * m_dot_A 

P[7] = P[6] 

h[7]=enthalpy(Fluid$, P=P[7], x=0) 
s[7]=entropy(Fluid$,h=h[7],P=P[7]) 
T[7]=temperature(Fluid$,h=h[7],P=P[7]) 


"Mixing Chamber" 

x6*m_dot_A*h[3] + m_dot_B*h[2] =(x6* m_dot_A + m_dot_B)*h[9] 
P[3] = P[6] 

h[3]=enthalpy(Fluid$, P=P[3], x=1) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=1) 
T[3]=temperature(Fluid$,P=P[3],x=x1) 
s[9]=entropy(Fluid$,h=h[9],P=P[9]) “properties for state 9" 
T[9]=temperature(Fluid$,h=h[9],P=P[9]) 


"Low Pressure Compressor B" 

x1=1 "assume flow to compressor inlet to be saturated vapor" 
h[1]=enthalpy(Fluid$,P=P[1],x=x1) "properties for state 1" 
T[1]=temperature(Fluid$,P=P[1], x=x1) 
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s[1]=entropy(Fluid$,P=P[1],x=x1) 

P[2]=P[6] 

h2s=enthalpy(Fluid$,P=P[2],s=s[1]) " state 2s is isentropic state at comp. exit" 

h[1]+w_compBs=h2s "energy balance on isentropic compressor" 


w_compB=w_compBs/Eta_comp"definition of compressor isentropic efficiency" 
h[1]+w_compB=h[2] "energy balance on real compressor-assumed adiabatic" 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

W_dot_compB=m_dot_B*w_compB 


"Throttle Valve B" 

h[8]=h[7] “energy balance on throttle - isenthalpic" 
x8=quality(Fluid$,h=h[8],P=P[8]) “properties for state 8" 
s[8]=entropy(Fluid$,h=h[8],P=P[8]) 
T[8]=temperature(Fluid$,h=h[8],P=P[8]) 


"Evaporator" 

P[8]=P[1] "neglect pressure drop across evaporator" 
g_L + h[8]=h[1] “energy balance on evaporator" 
Q_dot_L=m_dot_B*q_L 


"Cycle Statistics" 
W_dot_in_total = W_dot_compA + W_dot_compB 
COP=Q_dot_L/W_dot_in_total “definition of COP" 


comp QL [kW] COP 
0.6 28.55 1.438 
0.65 28.55 1.57 
0.7 28.55 1.702 
0.75 28.55 1.835 
0.8 28.55 1.968 
0.85 28.55 2.101 
0.9 28.55 2.234 
0.95 28.55 2.368 
1 28.55 2.501 
250 T T T = T T T 
200 
150- 
© 100L 
= L 
50 H 
oL 
-50 L 
-100 1 J 1 i 1 i fl i 1 i 1 1 \ jl 
-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 


s [kJ/kg-K] 
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11-60 A two-stage cascade refrigeration cycle is considered. The mass flow rate of the refrigerant through the upper cycle, 
the rate of heat removal from the refrigerated space, and the COP of the refrigerator are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties are to be obtained from the refrigerant tables (Tables A-11 through A-13): 


hy = hg@ 200 kpa = 244.46 kJ/kg 
Si = Sg@ 200 kPa 7 0.9377 kJ/kg.K 


Qu 


P, =500kPa 
hy, = 263.30 kJ/kg 

82 = 51 

we \7 Expansion Wa 

c = h, —h, fA Valve Compressor 

263.30 — 244.4 

0.80 = oe $ >h, = 268.01 kJ/kg 
h, -244.46 


\ / Expansion W. 
ANAG Compressor 


h; =h f@soo kra = 73.33 kJ/kg 
hy =h, =73.33 kJ/kg 


hs = h@ 400 kPa — 255.55 kJ/kg 
S5 = Sg@ 400 kPa = 9.9269 kJ/kg.K 


P, =1200 kPa 
he, = 278.33 kJ/kg 


S6 ZS 
j 
_ hę hs 7 
Ico = h; —hs QL 
jaja enna > h = 284.02 kJ/kg 
hg -255.55 


h; = Raison wae =117.77 KJ/kg 
hg =h, =117.77 kJ/kg 


The mass flow rate of the refrigerant through the upper cycle is determined from an energy balance on the heat exchanger 


m (hs — hg) = mg (h, -h3 ) 
m4 (255.55—117.77)kJ/kg = (0.15 kg/s)(268.01- 73.33)kJ/kg —> m, = 0.212 kgls 


(b) The rate of heat removal from the refrigerated space is 
Q; = mg (h; — h4) = (0.15 kg/s)(244.46 — 73.33)kJ/kg = 25.67 kW 


(c) The power input and the COP are 


Win =m4(he —hs)+ mp (hy —h,) 
= (0.15 kg/s)(284.02 — 255.55) kJ/kg + (0.212 kg/s)(268.01—244.46)kI/kg = 9.566 kW 
Qi _ 25.67 


cop = =— =2.68 
W,, 9-566 
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11-61 A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
cooling rate of the high-temperature evaporator, the power required by the compressor, and the COP of the system are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Condenser 


Expansion 
valve 


Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 


P, =800 kPa 

h; =h = 95.47 kJ/k 
sat. liquid 3 ~ "fF @ 800 kPa g 
hy = h = h, =95.47 kJ/kg (throttling) 
T; =0°C 


sat. vapor } h; = hg @ oc = 250.45 kJ/kg 


T, =-26.4°C 
h, =h oc = 234.44 kJ/k 
sat. vapor } O Oe j 


The mass flow rate through the low-temperature evaporator is found by 
Q; 8KJ/s 
h,—h, (234.44—95.47) kJ/kg 
The mass flow rate through the warmer evaporator is then 
m, =m- m, = 0.1-0.05757 = 0.04243 kg/s 
Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 
mhs +h; _ (0.04243)(250.45) + (0.05757)(234.44) 
m 0.1 


Q; =m, (h; —he) —>m, = 


= 0.05757 kg/s 


mhs +h; = mh, —>h; = 


= 241.23 kJ/kg 


Then, 
P, = Prat @-26.4°c = 100 kPa 


s; = 0.9789 kI/kg-K 
h; = 241.23 kJ/kg 


P, =800kP 
ai “| h, = 286.26 kJ/kg 
S2 = Si 


The cooling rate of the high-temperature evaporator is 

Q; = m; (h; — h4) = (0.04243 kg/s)(250.45 — 95.47) kJ/kg = 6.58 kW 
The power input to the compressor is 

W,, = m(h, —h,) = (0.1 kg/s)(286.26 — 241.23) kJ/kg = 4.50 kW 
The COP of this refrigeration system is determined from its definition, 


COP, -Qi (8+6.58) KW _ 3 o4 
W; 4.50 kW 


I 
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11-62E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


3 
Expansion 
| valve 
7 
6 
Analysis From the refrigerant tables (Tables A-11E, A-12E, and A-13E), 
P; =180 psia 
h, =h ia = 51.50 Btu/lb 
sat. liquid } eo ed NAG DSI i 
h4 = hs = h, = 51.50 Btu/lbm (throttling) 
P; =30 psia 
yai vapot } h; =hg @30psia = 105.32 Btu/lbm 
P, =10 psia 
sat: vapor } h- == hg @ 10 psia = 98.68 Btu/lbm 


The mass flow rates through the high-temperature and low-temperature evaporators are found by 


Qn | 9000 Btu/h 


= 167.2 Ib/h 
hs —h, (105.32 — 51.50) Btu/lbm 


On =m, (hs — hy) >m = 


Q; 2 =m (h; — hg) —> m, = Q2 ___ 24000Btuh _ sag 6 Ibmn/h 
h, —h;, (98.68 — 51.50) Btu/lbm 


Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 
_ mıh; +m,h; _ (167.2)(105.32) + (508.6)(98.68) 


mh, +m,h, = (m; +m, )h >h =100.33 Btu/lbm 
PE Ra S a ! tity Hin, 167.2 + 508.6 
Then, 
P, =10 psia 
= 0.2333 Btu/lbm -R 
E A a ee 
Pee ma h, =127.05 Btu/Ibm 
S2 = Si 
The power input to the compressor is 
Win =(m, +m,)(h, — h,) = (167.2 + 508.6) Ibm/h(127.05 — 100.33) Btu/Ib —y = 5.29 kW 
3412.14 Btu/h 


The COP of this refrigeration system is determined from its definition, 


Q; _ (24,000 + 9000) Btu/h 1kW ‘ekg 
W, 5.29 kW 3412.14 Btu/h 


1 


COP, = 
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11-63E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
power required by the compressor and the COP of the system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Expansion 
valve 


Analysis From the refrigerant tables (Tables A-11E, A-12E, and A-13E), 


P; =180 psia 

h, =h a = 51.50 Btu/Ib 
sat. liquid 3 ~""f @ 180 psia m 
hy =he = h, =51.50Btu/Ibm (throttling) 
P; = 60 psia 
sat. vapor | hs =h; @60psia = 110.11 Btu/lbm 
P, =10 psia 
sat. vapor } h; = h; @10psia = 98-68 Btu/lbm 


The mass flow rates through the high-temperature and low-temperature evaporators are found by 


Qua 30,000 Btu/h 


= 511. 8 Ibm 
hs —hy, (110.11—51.50) Btu/lbm 


04 =m,(h; — h4) >m = 


Q; 2 =m (h; — hg) —> m, = Q2 ___ 24000Btuh 508.6 Ibm/h 
: h, —h;, (98.68 — 51.50) Btu/lbm 


Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 
_ mh; +m,h, _ (511.8)(1 10.11) + (508.6)(98.68) 


mhz +m,h- =(m, +m, )h >h =104.41 Btu/lbm 
PE AS a 1 +r 511.8 + 508.6 

Then, 

P, =10 psia 

= 0.2423 Btu/lbm - R 

aera ‘: we 

P, =1 i 

2 | h, = 132.69 Btu/Ibm 

S2 =S] 
The power input to the compressor is 

Woy = (ri, +7h)(hy — hy) = (511.8 + 508.6) Ibm/h(13269 — 104.41) Btw/Ibm — =Y — |=8.46kw 

3412.14 Btu/h 


The COP of this refrigeration system is determined from its definition, 


Q; _ (24,000 + 30,000) aun 1kw )- 7 


COP, = 
8.46 kW 3412.14 Btu/h 


in 
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11-64 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle 
with upper cycle using water and lower cycle using refrigerant-134a as the working fluids. The mass flow rate of R-134a 
and water in their respective cycles and the overall COP of this system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat 
exchanger is adiabatic. 


Analysis From the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13), 


aoc hy =h, @ sec = 2510.1 kJ/kg 


sat. vapor | Sı = Sg @s5°c = 9.0249 kJ/kg -K 


P, =1.6MP 
‘ h, = 5083.4 kJ/kg 
S2 = Sy 
P, =1.6 MPa 
h, =h = 858.44 kJ/k 
sat. liquid } 3 f @ 1.6 MPa g 


hy = h; = 858.44 kJ/kg (throttling) 


T; =—40°C } hs = h; @ -40c = 225.86 kJ/kg 


sat. vapor S5 = Sg @ -40c = 0.96866 kJ/kg -K 


P, = 400 kP. 
i } he = 267.59 kJ/kg 
S6 = S; 
P, = 400 kPa 
h, =h = 63.94 kI/k 
sat. liquid 7 f @ 400 kPa g 


hg = h, = 63.94kJ/kg (throttling) 
The mass flow rate of R-134a is determined from 


O Qoo 20KJ/s 
hs—hg (225.86 —63.94) kJ/kg 


= 0.1235 kg/s 


Q; = Mp(hs — hş) >Mp 


An energy balance on the heat exchanger gives the mass flow rate of water 
Mp (he —h,) =m, (hy — hy) 
267.59 — 63.94 


he—-h 
= mpg ———_ = (0.1235 kg/s) = 0.01523 kg/s 
h -h4 2510.1—858.44 


>m 


w 


The total power input to the compressors is 
Win =p (he hs) + 1h, (hz —hy) 
= (0.1235 kg/s)(267.59 — 225.86) kJ/kg + (0.01523 kg/s)(5083.4 — 2510.1) kJ/kg 
= 44.35 kJ/s 


The COP of this refrigeration system is determined from its definition, 


Q, _ 20kI/s 
W, 44.35kJ/s 


a 


COPR = = 0.451 
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11-65 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Prob. 11-55 and the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13), 


S1 = S) =9.0249 kJ/kg: K 
S3 = 2.3435 kJ/kg -K 

s4 = 3.0869 kJ/kg -K 

S5 = Sẹ = 0.96866 kJ/kg -K 
s4 = 0.24757 kJ/kg -K 

Sg = 0.27423 kJ/kg :K 

Mp = 0.1235 kg/s 

My = 0.01523 kg/s 

qı = h; —hg = 161.92 kJ/kg 
dy = hy —h; = 4225.0 kJ/kg 
T; =-30°C = 243K 

Ty =30°C =303K 

Ty =30°C =303K 


The exergy destruction during a process of a stream from an inlet state to exit state is given by 


din Aout 
Xdest = ToSgen = ns — Si — + T 


source sink 


Application of this equation for each process of the cycle gives 


? ; qu 
X sestroyed,23 = MwTo| $3 — Sy +—— 
Ty 


gao) = 33.52 kJ/s 


= (0.01523)(303 ko [2.345 ~9,0249 + 
X destroyed,34 = MMwTo (S4 — $3) = (0.01523)(303)(3.0869 — 2.3435) = 3.43 KJ/s 
X destroyed,78 = MT (Sg — $7) = (0.1235)(303)(0.27423 — 0.24757) = 0.996 KJ/s 


; . qı 
X destroyed, 85 = Mpg To S5 — Sg — 
Tz 


ae =1.05kJ/s 


= (0. 1285)303) 0.96866 — 0.27423 — 
Meech bit ae ech F To [ny (sı = S4) + Mr (s7 7> s6)] 
= (303)[(0.01523)(9.0249 — 3.0869) + (0.1235)(0.24757 — 0.96866) = 0.417 kJ/s 
For isentropic processes, the exergy destruction is zero: 
Xx destroyed,12 = 0 
X destroyed, 56 =0 


Note that heat is absorbed from a reservoir at -30°C (243 K) and rejected to a reservoir at 30°C (303 K), which is also taken 
as the dead state temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and 
perform the calculations accordingly. The greatest exergy destruction occurs in the condenser. 
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11-66 A two-stage cascade refrigeration cycle with a flash chamber with refrigerant-134a as the working fluid is 
considered. The mass flow rate of the refrigerant through the high-pressure compressor, the rate of refrigeration, the COP 
are to be determined. Also, the rate of refrigeration and the COP are to be determined if this refrigerator operated on a 
single-stage vapor-compression cycle under similar conditions. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) From the refrigerant-134a tables (Tables A-11 through A-13) 

hy =hg@-orc = 244.51 kJ/kg 

Sı = Sg@-10°C = 0.9377 kJ/kg.K 


P, =450kPa 
h,, =261.07 kJ/kg 
S2 = Sı 
= hg, E hy 
Ne h, —h, 
261.07 — 244.51 
0.86 = os 2 >h, = 263.76 kJ/kg 
h, -244.51 


hy =Ng@aso kpa = 257.53 KJ/kg 
hs =h f@1600 kea =135-93 KJ/kg 
he = h; =135.93 kJ/kg 

h; =hy@aso pa = 68.81 kJ/kg 
hg =h; = 68.81 kJ/kg 


he =135.93 kJ/kg 


x6 = 0.3557 
P; = 450 kPa 


The mass flow rate of the refrigerant through the high pressure compressor is determined from a mass balance on the flash 
chamber 


ies m, _ 0.11kg/s 
l-xę 1-0.3557 


=0.1707 kg/s 


Also, 


m, = m — m; = 0.1707 — 0.11 = 0.06072 kg/s 
(b) The enthalpy at state 9 is determined from an energy balance on the mixing chamber: 
mh = mh, + m,h, 
(0.1707 kg/s)hg = (0.11 kg/s)(263.76 kJ/kg) + (0.06072 kg/s)(257.53 kJ/kg) —— hy = 261.54 kJ/kg 
Then, 


P, = 450 kPa 


Sọ =0.9393 kJ/kg 
hy = 261.54 kJ/kg 


P, =1600 kPa 
hy, = 288.41 kI/kg 
S4 = So 
= hys = ho 
Ic = hy —ho 
288.41 — 261.54 
0.86 = ah ota >h; = 292.78 kJ/kg 
h, — 261.54 
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The rate of heat removal from the refrigerated space is 
Q; =m; (h, — hg) = (0.1 1 kg/s)(244.51 — 68.81)kJ/kg = 19.33 kW 
(c) The power input and the COP are 


Win =m,(hy —h,) + m(h; — hg) 
= (0.11 kg/s)(263.76 — 244.5 1)kJ/kg + (0.1707 kg/s)(292.78 — 261.54)kJ/kg = 7.45 kW 


(d) If this refrigerator operated on a single-stage cycle between the same pressure limits, we would have 


h, =hg@-torc = 244.51 kJ/kg 
Sı = S g@-10°C = 0.9377 kJ/kg.K 


P, =1600 kPa 
hy, = 287.85 kJ/kg 
S2 =S} 
a hp, ~~ h; 
No = h, — h, 
.85 — 244.51 
0.86 = ES 2 >h, = 294.90 kJ/kg 
h, — 244.51 


hy = h, =135.93 kJ/kg 


Q; =m(h; — h4) = (0.1707 kg/s)(244.51 —135.93)kJ/kg = 18.54 kW 


W, =1(h, — h,) = (0.1707 kg/s)(294.90 — 244.51)kJ/kg = 8.60 kW 


11-53 


Discussion The cooling load decreases by 4.1% while the COP decreases by 16.6% when the cycle operates on the single- 


stage vapor-compression cycle. 
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Gas Refrigeration Cycles 


11-67C The ideal gas refrigeration cycle is identical to the Brayton cycle, except it operates in the reversed direction. 


11-68C In the ideal gas refrigeration cycle, the heat absorption and the heat rejection processes occur at constant pressure 
instead of at constant temperature. 


11-69C The reversed Stirling cycle is identical to the Stirling cycle, except it operates in the reversed direction. 
Remembering that the Stirling cycle is a totally reversible cycle, the reversed Stirling cycle is also totally reversible, and 
thus its COP is 


1 


COP em 
R, Stirling Ty IT, zj 


11-70C In aircraft cooling, the atmospheric air is compressed by a compressor, cooled by the surrounding air, and 
expanded in a turbine. The cool air leaving the turbine is then directly routed to the cabin. 


11-71C No; because h = h(T) for ideal gases, and the temperature of air will not drop during a throttling (hı = h2) process. 


11-72C By regeneration. 
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11-73 D An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Analysis (a) We assume both the turbine and the compressor to be isentropic, the turbine inlet temperature to be the 
temperature of the surroundings, and the compressor inlet temperature to be the temperature of the refrigerated space. From 
the air table (Table A-17), 


T, =280 K —> h; =280.13 kJ/kg 


P,, =1.0889 
T; =310 K —> h, =310.24 kJ/kg 
P,, =1.5546 
Thus, 
P 
P, == P, {2 Jo.0880) 4.978 —> T, =431.5K 
2 pS 


hy = 432.96 kJ/kg 


P 
P. =P, = 2 (1.5546)= 0.3401 —> T, = 200.6K 
+P 5 (160 
3 h, = 200.57 kJ/kg 


Then the rate of refrigeration is 


Q; =m(q; )=m(h, — h, )= (0.2 kg/s {280.13 — 200.57) kJ/kg =15.9 kW 


(b) The net power input is determined from 


Waet, in = Woomp, in ~ Warb, out 
where 
Weomp,in = Mh, — h; )= (0.2 kg/s\(432.96 — 280.13)kJ/kg =30.57 kW 
Weurb,out = (h3 — hy )= (0.2 kg/s 310.24 — 200.57) kJ/kg = 21.93 kW 
Thus, 
Wretin = 30.57 — 21.93 = 8.64 kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


Q, _159KW _ 4 gy 
W. 8.64 kW 


net,in 


COP, 
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11-74 An ideal-gas refrigeration cycle with air as the working fluid is considered. The rate of refrigeration, the net 
power input, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with variable specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Analysis (a) We assume the turbine inlet temperature to be the temperature of the surroundings, and the compressor inlet 
temperature to be the temperature of the refrigerated space. From the air table (Table A-17), 


T, = 280K —> h; = 280.13 kJ/kg 


P,, =1.0889 
T; =310 K —> h, =310.24 kJ/kg 
P,, =1.5546 
3 
Thus, 
P 1 
P,, =P, = (2 koss) 4.978 >To, =431.5K 
l hy, = 432.96 kJ/kg 
P S 
P,, = rr = (= \i.ssa6)= 0.3401 —> T,, = 200.6 K 
3 hy, = 200.57 kJ/kg 
Also, 
h; —h 
1r = oa —> hy =h, -nr (h; — hy; ) 
3 T Ms =310.24 —(0.85)(310.24 — 200.57) 


= 217.02 kJ/kg 


Then the rate of refrigeration is 


Q, =m(q,,)=m(h, — h, )= (0.2 kg/s\280.13 — 217.02)kJ/kg = 12.6 kW 


(b) The net power input is determined from 


Waet, ian = Weomp, in ~ Wurb, out 
where 
Weomp,in = Hit(ht — hi )= th(hy, — hy )/ nc 
= (0.2 kg/s (432.96 — 280.13) kJ/kg )/(0.80) = 38.21 kW 
Weurb.out = (h; — hy) = (0.2 kg/s 310.24 — 217.02) kJ/kg =18.64 kW 
Thus, 
Waet.in = 38.21 — 18.64 = 19.6 kW 


(c) The COP of this ideal gas refrigeration cycle is determined from 


Q; 126kW 
Ww 19.6 kW 


net,in 


COPR =0.643 
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>) 
11-75 Problem 11-74 is reconsidered. The effects of compressor and turbine isentropic efficiencies on the rate of 
refrigeration, the net power input, and the COP are to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input data" 
T[1] = 7 [C] 
P[1]= 35 [kPa] 
T[3] = 37 [C] 


P[3]=160 [kPa] 

m_dot=0.2 [kg/s] 

Eta_comp = 1.00 

Eta_turb = 1.0 

“Compressor anaysis" 

s[1J=ENTROPY (Air, T=T[1],P=P[1]) 

s2s=s[1] "For the ideal case the entropies are constant across the compressor" 

P[2] = P[3] 

s2s=ENTROPY (Air, T=Ts2,P=P[2])"Ts2 is the isentropic value of T[2] at compressor exit" 
Eta_comp = W_dot_comp_isen/W_dot_comp "compressor adiabatic efficiency, 
W_dot_comp > W_dot_comp_isen" 

m_dot*h[1] + W_dot_comp_isen = m_dot*hs2"SSSF First Law for the isentropic compressor, 
assuming: adiabatic, ke=pe=0, m_dot is the mass flow rate in kg/s" 
h[1J=ENTHALPY (Air, T=T[1]) 

hs2=ENTHALPY (Air, T=Ts2) 

m_dot*h[1] + W_dot_comp = m_dot*h[2]"SSSF First Law for the actual compressor, 
assuming: adiabatic, ke=pe=0" 

h[2]=ENTHALPY (Air, T=T[2]) 

s[2J]=ENTROPY (Air, h=h[2],P=P[2]) 

"Heat Rejection Process 2-3, assumed SSSF constant pressure process" 

m_dot*h[2] + Q_dot_out = m_dot*h[3]"SSSF First Law for the heat exchanger, 

assuming W=0, ke=pe=0" 

h[3]=ENTHALPY (Air, T=T[3]) 

"Turbine analysis" 

s[3J=-ENTROPY (Air, T=T[3],P=P[3]) 

s4s=s[3] "For the ideal case the entropies are constant across the turbine" 

P[4] = P[1] 

s4s=ENTROPY (Air, T=Ts4,P=P[4])"Ts4 is the isentropic value of T[4] at turbine exit" 
Eta_turb = W_dot_turb /W_dot_turb_isen "turbine adiabatic efficiency, W_dot_turb_isen > W_dot_turb" 
m_dot*h[3] = W_dot_turb_isen + m_dot*hs4"SSSF First Law for the isentropic turbine, assuming: 
adiabatic, ke=pe=0" 

hs4=ENTHALPY (Air, T=Ts4) 

m_dot*h[3] = W_dot_turb + m_dot*h[4]"SSSF First Law for the actual compressor, assuming: 
adiabatic, ke=pe=0" 

h[4J=ENTHALPY (Air, T=T[4]) 

s[4J=ENTROPY (Air, h=h[4],P=P[4]) 

"Refrigeration effect:" 

m_dot*h[4] + Q_dot_Refrig = m_dot*h[1] 

"Cycle analysis" 

W_dot_in_net=W_dot_comp-W_dot_turb"External work supplied to compressor" 

COP= Q_dot_Refrig/W_dot_in_net 

"The following is for plotting data only:" 

Ts[1]=Ts2 

ss[1]=s2s 

Ts[2]=Ts4 

ss[2]=s4s 
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Ncomp COP Qrettig Winnet 
kw] | wi 
0.7 0.3291 9.334 28.36 
0.75 0.3668 9.334 25.45 
0.8 0.4077 9.334 22.9 
0.85 0.4521 9.334 20.65 
0.9 0.5006 9.334 18.65 
0.95 0.5538 9.334 16.86 
1 0.6123 9.334 15.24 
250 , À air , 
200 +} 4 
35 kPa 1 
150 - 4 
m 100} + 
oO [ | 
E 50l 4 
OL 4 
-50 } 4 
-100 
5.0 5.5 6.0 6.5 7.0 


s [kJ/kg-K] 


COP 


0.7 0.75 0.8 0.85 0.9 0.95 1 
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= 
(= 
a 
o 
l 
a 
N 
oO 


Win, net [kW] 


ġa 
o 
TTT 
= 
= 
= 
= 
io” 
ul 

=a 

jee) 

ol 


= 
N 
TTT 
= 
= 
=i 
= y 
lI 
E 
ie) 
Li 


0.7 0.75 0.8 0.85 0.9 0.95 1 


0.7 0.75 0.8 0.85 0.9 0.95 1 
Ncomp 
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11-76 A gas refrigeration cycle with helium as the working fluid is considered. The minimum temperature in the cycle, the 
COP, and the mass flow rate of the helium are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats. 3 Kinetic and 
potential energy changes are negligible. 


Properties The properties of helium are c, = 5.1926 kJ/kg:K 


and k = 1.667 (Table A-2). T 
Analysis (a) From the isentropic relations, 
P (k-1)/k 
T>; =T, 6 = (263K 3)? 0°77 = 408.2K 50°C 
1 


-10°C 


P (k-1)/k 1 )0-667/1.667 
Tas =T;| — = (23K 2) = 208.1K 


and ° 
ma ck eM Re (T; - T4, )=323 — (0.80323 - 208.1) 
Rede Ayia = 231.1 K =T pin 
EE L = Bs __. E E tg = 263 + (408.2 — 263)/(0.80) 


h-hħ 1, -T, =444.5 K 


(b) The COP of this gas refrigeration cycle is determined from 


COP, = qt _ qr 
S Woet,in Weomp,in — Wturb,out 
= hy = h, 
(h, 7 h, )- (h; 7 hy) 
T, = T, 
(T, -T,)-(T; -T4) 
263 — 231.1 


= 0.356 


(444.5 — 263)— (323 — 231.1) 


(c) The mass flow rate of helium is determined from 


= Qrefrig _ Qrefrig _ Qrefrig 18 kJ/s ~ 0.109 kg/s 
qı hh, c,(T,-T4) (5.1926 kJ/kg- K)\(263-231.1)K 
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11-77E An ideal gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The COP of the cycle is 
to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are c, = 0.240 Btu/Ibm-R and k = 1.4 (Table A-2Ea). 


Analysis From the isentropic relations, 


(k-1)/k 

P 

T, = nf = = (450 R)(4)°*''4 = 668.7R 
1 


P (k-1)/k 1 0.4/1.4 
T, =T;| = (560 e(z) =376.8R 
P, 4 


The COP of this ideal gas refrigeration cycle is determined from 


COP, = dt qr 
Woet,in Weomp,in — Wturb,out 
on Rye 
(hy h )— (h; —hy) 
N T, -T, 
(T, -T,)- (T3 -T,) 
8 450 — 376.8 
(668.7 — 450) — (560 —376.8) 
= 2.06 
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11-78E An gas refrigeration cycle with air as the working fluid has a compression ratio of 4. The COP of the cycle is to be 


determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 


energy changes are negligible. 


Properties The properties of air at room temperature are 
Cp = 0.240 Btu/Ibm-R and k = 1.4 (Table A-2Ea). 


Analysis From the isentropic relations, 


(k-1)/k 

P. 

Ta =T, (> = (450 R)(4)°*/!4 = 668.7 R 
1 


D (k-1)/k ets 0.4/1.4 
TET, (2 = (560 nl se =402.9R 
P, sla 


and 


Nr = > T4 = T} -1r (T3 —T4, ) = 560 —(0.94)(560 — 402.9) 
By Rag Ng Tas =412.3R 
foe hy Tek 

Ne = = Ss — >T, =T, + (Ty, -T,)/9¢ = 450 + (668.7 — 450) /(0.87) 
hmi heh =701.4R 


The COP of this gas refrigeration cycle is determined from 


COP, = qu qr 
Woet,in Weomp,in — Wturb,out 
hey 
(hh) =(hy —hy) 
F T, -T, 
(T, -T,)- (T; -T4) 
F 450 -412.3 
(701.4—450) —(560 —412.3) 
= 0.364 
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11-79 An ideal gas refrigeration cycle with air as the working fluid is considered. The minimum pressure ratio for this 
system to operate properly is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are 
Cp = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Analysis An energy balance on process 4-1 gives 
FRefrig =C p(T, — T4) 


dRefrig 36 kJ/kg 


1.005 kJ/kg - K 


=224.2 K 


T, =T, =260K 


Cp 


The minimum temperature at the turbine inlet would be the same as that to 
which the heat is rejected. That is, 


T; =298K 


Then the minimum pressure ratio is determined from the isentropic relation to be 


k/(k-1 
Py T (k-1) -( 298K i. a 
PR (T 224.2K f 
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11-80 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with constant specific heats. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4 (Table A-2). 


Analysis (a) From the isentropic relations, 


(k-1)/k 
P 
T,, =T, 6 = (273.2 KX5)°*/"* =432.4K 


l 


_ 432.4-273.2 
T, -273.2 


0.80 >T, =472.5K 


The temperature at state 4 can be determined by solving 
the following two equations simultaneously: 


(k-1)/k 0.4/1.4 
T.. =T,| 2 -1,(2) 
5s = 14 P, a3 


h, -h 
Np = ——= > 0.85 = 
hy- 5s Tj- 5s 


T, —193.2 Compressor 


Using EES, we obtain T, = 281.3 K. 


An energy balance on the regenerator may be written as 


rhc p (T; -T4 )= me , (T, -T6 ) > T -T; =T, -T 
or, 
T =T, -T; +T, = 273.2 -308.2 + 281.3 = 246.3 K 


The effectiveness of the regenerator is 


ieh TAT = 
par oe 3082-2813 _ 9 494 
h;—hg T-T;  308.2-246.3 


(b) The refrigeration load is 

Q, = mc , (T6 — T5) = (0.4 kg/s)(1.005 kJ/kg.K)(246.3 -193.2)K = 21.36 kW 
(c) The turbine and compressor powers and the COP of the cycle are 

Wein = mc , (T, —T,) = (0.4 kg/s)(1.005 kJ/kg.K)(472.5 — 273.2)K = 80.13 kW 


We out = mc „(T4 — Ts) = (0.4 kg/s)(1.005 kI/kg.K)(281.3 -193.2)kJ/kg = 35.43 kW 


Cops 28 a i gee 
Wein —Wrou 80.13-35.43 


net,in 


= 0.478 
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(d) The simple gas refrigeration cycle analysis is as follows: 
1 (k-1)/k 1 0.4/1.4 
Piet (=) = (308.2 Kz] =194.6 K 
r 


jee 6 jg 8082 Te 
Tet. 308.2-194.6 


Np = —>T, =211.6K 


Q, = mcp (T, -T4) 
= (0.4 kg/s)(1.005 kI/kg.K)(273.2 —211.6)kI/kg 


= 24.74 kW 
Woaetin = mc , T, m T, ) = mc , (T; ~ T4) 
= (0.4 kg/s)(1.005 KJ/kg.K)[(472.5 — 273.2) — (308.2 - 211.6)kJ/kg] 
= 41.32 kW 
cop =- -747 _ 9 599 
Wretin 41.32 
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11-81 An ideal gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid 
is considered. The COP of this system and the mass flow rate of air are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Q 


Analysis From the isentropic relations, 


(k-1)/k 

P. 

T -7(2) = (255 K)(4)°4/!4 = 378.9K 
1 


(k-1)/k 
P 
T, = n| 1 ) = (283 K)(4)°4/14 = 420.5K 


P (k-1)/k 1 0.4/1.4 
Ts -r | - 2834] =128.2K 


The COP of this ideal gas refrigeration cycle is determined from 


COP, = at qL 


W 


net,in Weomp,in aa Wturb,out 
h, -hs 
(h, —h,) + (h4 -h3)-(hs — he) 
p T, -T; 
(T, -T,)+ (T, -T;)- (T; -T6) 
E 255-—128.2 E 
(378.9 — 255) + (420.5 — 283) — (283 —128.2) 


1.19 


The mass flow rate of the air is determined from 


Qreti 5,000 / KJ/ 
Ören =the, (T, —T,) > mm = — Rete (75,000 / 3600) KJ/s aak 
c,(T,-T6) (1.005 kJ/kg K)(255—128.2) K 
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11-82 A gas refrigeration cycle with with two stages of compression with intercooling using air as the working fluid is 
considered. The COP of this system and the mass flow rate of air are to be determined. 


Assumptions | Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Q Q 


Analysis From the isentropic relations, 


(k-1)/k 

P. 

Tə; =T, (>) = (255 K)(4)°4/14 =378.9 K 
1 


(k-1)/k 

P 

T,, =T; (> = (283 K)(4)°414 = 420.5 K 
3 


P (k-1)/k 1 0.4/1.4 
T.. =T.| < = (283 K) — =128.2K 
6s [Fe] ( (=) 


and 


aeti a Tie i 


Ne > T, =T, + (T>, -T,)/ Nc = 255+ (378.9 - 255) / 0.85 = 400.8K 
h, =h; T, -T, 
_ h4; — hg _ Tas -T; = _ z _ 
Ne = 3 = 8 5 T, = Ty + (Tyg = Ty) 1 = 283+ (420.5- 283) / 0.85 = 444.8K 
h -h Tot 
h; -he T; -Te 
Ir = > Te =T; -17r (Ts -Tg,) = 283 — (0.95)(283 - 128.2) = 135.9 K 


hs = Nes T; -Tos 


The COP of this ideal gas refrigeration cycle is determined from 


COP, = at qL 
Woet,in Weomp,in at Wturb, out 
= h; -h6 
(h, -h,)+(h4 — hg )-(hs — he) 
(T —T,)+ (Ty -T3)-(s -T6) 
255-135.9 


= ——— a = 0.74 
(400.8 — 255) + (444.8 — 283) — (283 - 135.9) 
The mass flow rate of the air is determined from 


- Q efri 
Qretig = MC p (T, - T6) — th = —— mz IDLA UA =0.174 kg/s 
c, (T, -T6) (1.005 kI/kg - K)(255 -135.9) K 
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11-83 A regenerative gas refrigeration cycle with argon as the working fluid is considered. Te refrigeration load, the COP, 
the minimum power input, the second-law efficiency, and the total exergy destruction in the cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Properties The properties of argon are c, = 0.5203 kJ/kg-K and k = 1.667. 
Analysis (a) From the isentropic relations, 


(k-1)/k 
Ta, =T, (> = (243 K5) 16 = 462.7 K 
1 


P (k-1)/k q \0667/1.667 
Ts; -rf 5 = (235 K2) =123.4K 


— > T; =T, -nr (T, —T;, )= 235 —(0.82)(235 — 123.4) =143.5K 
= hy. —h, _ Tzs =T 

h, = h; T, -T 
—> T, =T, + (Tə, - T, )/ nc =243 + (462.7 — 243)/ 0.82 = 510.9 K 


Nc 


From an energy balance on the regenerator, 


or 


T; =T, —T; +T} =243 — 288 + 235 =190 K 


Q; = mc „(T — T5) = (0.08 kg/s)(0.5203 kI/kg - K)(190 — 143.5) K = 1.935 kW 


Wret = me I(T, = T) = (T, = T;)] 
= (0.08 kg/s)(0.5203 kI/kg - K)[(510.9 — 243) — (235 - 143.5)] K = 7.343 kW 


(b) The exergy of the heat transferred from the low-temperature medium is 


. , T, 273 
Ex, = 1-—2 |=-(1.935 kW)| 1-—= | = 0.382 kW 


L 
This is the minimum power input: 
Winin = Exo, =0.382 kW 
The second-law efficiency of the cycle is 


Ex6 0.382 
W 7.343 


net 


0.05202 = 5.2% 


An 


The total exergy destruction in the cycle can be determined from 


EX¢esttotat =Wnet — EXg, =7.343 - 0.382 = 6.961kW 
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Absorption Refrigeration Systems 


11-84C In absorption refrigeration, water can be used as the refrigerant in air conditioning applications since the 
temperature of water never needs to fall below the freezing point. 


11-85C Absorption refrigeration is the kind of refrigeration that involves the absorption of the refrigerant during part of 
the cycle. In absorption refrigeration cycles, the refrigerant is compressed in the liquid phase instead of in the vapor form. 


11-86C The main advantage of absorption refrigeration is its being economical in the presence of an inexpensive heat 
source. Its disadvantages include being expensive, complex, and requiring an external heat source. 


11-87C The fluid in the absorber is cooled to maximize the refrigerant content of the liquid; the fluid in the generator is 
heated to maximize the refrigerant content of the vapor. 


11-88C The coefficient of performance of absorption refrigeration systems is defined as 


desiredoutput _ Q; Q; 


~ 


COP, = = 
$ requiredinput Q, ea +W, 


gen pump,in Q gen 


11-89C The rectifier separates the water from NH; and returns it to the generator. The regenerator transfers some heat 
from the water-rich solution leaving the generator to the NH;-rich solution leaving the pump. 


11-90 The COP of an absorption refrigeration system that operates at specified conditions is given. It is to be determined 
whether the given COP value is possible. 


Analysis The maximum COP that this refrigeration system can have is 


T, T 
COP R max =| 1 0 L I 292K 273 -2.97 
T, AT, -T 368 K J 292 — 273 
S 0 L 


which is smaller than 3.1. Thus the claim is not possible. 
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11-91 The conditions at which an absorption refrigeration system operates are specified. The maximum COP this 
absorption refrigeration system can have is to be determined. 


Analysis The maximum COP that this refrigeration system can have is 


T, T 
COP max =| 1-=2 L io nie Nee 
T, \ T) -T 393 K )\ 298 — 273 
S 0 L 


11-92 The conditions at which an absorption refrigeration system operates are specified. The maximum rate at which this 
system can remove heat from the refrigerated space is to be determined. 


Analysis The maximum COP that this refrigeration system can have is 


E TERE A A E E E E 
Ses T, T-T; 403 K |( 298-243 


Q, max = COPR, maxQgen = (1.15)(5x105 kJ/h }= 5.75 x10 kJ/h 


Thus, 
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11-93 A reversible absorption refrigerator consists of a reversible heat engine and a reversible refrigerator. The rate at 
which the steam condenses, the power input to the reversible refrigerator, and the second law efficiency of an actual chiller 
are to be determined. 


Properties The enthalpy of vaporization of water at 150°C is hy = 2113.8 kJ/kg (Table A-4). 
Analysis (a) The thermal efficiency of the reversible heat engine is 


To ___25+273.15)K 


7 threv = 0.2954 
i T, (150 + 273.15) K 
The COP of the reversible refrigerator is 
COP atr (-15 + 273.15)K -6.454 


Rev O T LT,  (25+273.15)— (<15 + 273.15) K 


The COP of the reversible absorption refrigerator is 
COP = Mih rey COP = (0.2954)(6.454) = 1.906 


abs,rev R,rev 


The heat input to the reversible heat engine is 


= Qi 70KW 
COP 1.906 


Qia =36.72kW 


abs,rev 


Then, the rate at which the steam condenses becomes 


m, =Q = 362S _ 9 174 kgls 
hy 2113.8 kJ/kg 


(b) The power input to the refrigerator is equal to the power output from the heat engine 
Wink = Wout HE = Mth, rovQin = (0.2954)(36.72 kW) = 10.9 kW 
(c) The second-law efficiency of an actual absorption chiller with a COP of 0.8 is 


COPrewat 0-8 _ 9 499 = 42.0% 


Mi= Cop, 1,906 


abs,rev 
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11-94E An ammonia-water absorption refrigeration cycle is considered. The rate of cooling, the COP, and the second-law 
efficiency of the system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Properties The properties of ammonia are as given in the problem statement. The specific heat of geothermal water is given 


to be 1.0 Btu/Ibm-°F. 
Analysis (a) The rate of cooling provided by the system is 


Q; =mhp(h, — h4) = (0.04 Ibm/s)(619.2 — 190.9) Btu/Ibm 
= 17.13 Btu/s = 61,700 Btu/h 


(b) The rate of heat input to the generator is 


Quen = Mgeo€ p (Teeosin ~ Teo:out ) = (0-55 lbm/s)(1.0 Btu/lbm - °F)(240 - 200)°F = 22.0 Btu/s 


Then the COP becomes 


Q, _17.13Btu/s _ 


0.779 
Quen 22.0 Btu/s 


COP = 


(c) The reversible COP of the system is 
T T 4 2544 
COPg. =|1-2 L 1 (70+ 460) \( (25+460) \ _ 738 
f T, \ To -T; (220 +460) 70-25 


The temperature of the heat source is taken as the average temperature of the geothermal water: (240+200)/2=220°F. Then 
the second-law efficiency becomes 


_ COP 077 
COP 2.38 


= 0.328 = 32.8% 


M 


abs,rev 
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Special Topic: Thermoelectric Power Generation and Refrigeration Systems 


11-95C The circuit that incorporates both thermal and electrical effects is called a thermoelectric circuit. 


11-96C When two wires made from different metals joined at both ends (junctions) forming a closed circuit and one of the 
joints is heated, a current flows continuously in the circuit. This is called the Seebeck effect. When a small current is 
passed through the junction of two dissimilar wires, the junction is cooled. This is called the Peltier effect. 


11-97C No. 


11-98C No. 


11-99C Yes. 


11-100C When a thermoelectric circuit is broken, the current will cease to flow, and we can measure the voltage generated 
in the circuit by a voltmeter. The voltage generated is a function of the temperature difference, and the temperature can be 
measured by simply measuring voltages. 


11-101C The performance of thermoelectric refrigerators improves considerably when semiconductors are used instead of 
metals. 


11-102C The efficiency of a thermoelectric generator is limited by the Carnot efficiency because a thermoelectric generator 
fits into the definition of a heat engine with electrons serving as the working fluid. 


11-103E A thermoelectric generator that operates at specified conditions is considered. The maximum thermal efficiency 
this thermoelectric generator can have is to be determined. 


Analysis The maximum thermal efficiency of this thermoelectric generator is the Carnot efficiency, 


T, _,_550R 


7 ee ee = 31.3% 
77 thmax 71 th,Carnot Ty 800R i 
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11-104 A thermoelectric refrigerator that operates at specified conditions is considered. The maximum COP this 
thermoelectric refrigerator can have and the minimum required power input are to be determined. 


Analysis The maximum COP of this thermoelectric refrigerator is the COP of a Carnot refrigerator operating between the 
same temperature limits, 


1 1 
COP... = COP = ee =10.72 
max R,Carnot (Ty, its )=1 (293 K)/(268 K)-1 
Thus, 
Win min 7 A = oW RLN 
i COP 10.72 


max 


11-105 A thermoelectric cooler that operates at specified conditions with a given COP is considered. The required power 
input to the thermoelectric cooler is to be determined. 


Analysis The required power input is determined from the definition of COP, 
COP, = 2 > W 


in 


Q, 180W 
COP, 0.15 


1200 W 


11-106E A thermoelectric cooler that operates at specified conditions with a given COP is considered. The rate of heat 
removal is to be determined. 


Analysis The required power input is determined from the definition of COP, 
Q; 


in 


42.41 Btu/min 


COP 
i 1 hp 


>Q; =COPk W; = (0.18)(1.8 t| ) =13.7 Btu/min 
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11-107 A thermoelectric refrigerator powered by a car battery cools 9 canned drinks in 12 h. The average COP of this 
refrigerator is to be determined. 


Assumptions Heat transfer through the walls of the refrigerator is negligible. 


Properties The properties of canned drinks are the same as those of water at room temperature, p = 1 kg/L and c, = 4.18 
kJ/kg-°C (Table A-3). 
Analysis The cooling rate of the refrigerator is simply the rate of decrease of the energy of the canned drinks, 
m= pV =9x(lkg/L)(0.350 L) =3.15 kg 
Qoooting = MCAT = (3.15 kg)(4.18 kJ/kg -°C)(25 - 3)°C = 290 kJ 
O othe = 290 kJ 


= ————— = 0.00671 kW = 6.71 W 
At 12x 3600s 


Qoooling = 


The electric power consumed by the refrigerator is 


Wi, = VI = (12 V)(3.A)=36W 
Then the COP of the refrigerator becomes 


Qvooting _ 6.71 W 
W, 36 W 


I 


COP = = 0.186 ~ 0.20 


11-108E A thermoelectric cooler is said to cool a 12-oz drink or to heat a cup of coffee in about 15 min. The average rate 
of heat removal from the drink, the average rate of heat supply to the coffee, and the electric power drawn from the battery 
of the car are to be determined. 


Assumptions Heat transfer through the walls of the refrigerator is negligible. 


Properties The properties of canned drinks are the same as those of water at room temperature, Cp = 1.0 Btu/Ibm.°F (Table 
A-3E). 
Analysis (a) The average cooling rate of the refrigerator is simply the rate of decrease of the energy content of the canned 
drinks, 

Qeooting = MCAT = (0.771 Ibm)(1.0 Btu/Ibm. °F)(78 -38)°F = 30.84 Btu 


| Qcooting _ 30.84 Btu as J 


Qeooting = At 15x60s | 1Btu 


)- 36.2 W 


(b) The average heating rate of the refrigerator is simply the rate of increase of the energy content of the canned drinks, 
Qheating = MCAT = (0.771 lbm)(1.0 Btu/Ibm -°F)(130-75)°F = 42.4 Btu 


= Qheating pa 42.4 Btu ( 1055J 
At 15x 60s \ 1 Btu 


Qheating ) =49.7 W 


(c) The electric power drawn from the car battery during cooling and heating is 


Qcooting _ 36.2 W 


W; ing 7 =181W 
in,cooling C OP sia 02 
COP esting = COP ooling +1=0.2+1=1.2 
; Q in; : 
W. heating = 49.7 W -414W 


n,heating — 
: ve COP heating 1.2 
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11-109 The maximum power a thermoelectric generator can produce is to be determined. 
Analysis The maximum thermal efficiency this thermoelectric generator can have is 


T 295K 
=|]-—L =] = 0.1873 
77 th,max Ty 363K 


Thus, 
Woutmax = "th,max Qin = (0.1873)(7 x 10° kJ/h) =1.31x 10° kJ/h = 364 kW 
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Review Problems 


11-110 A steady-flow Carnot refrigeration cycle with refrigerant-134a as the working fluid is considered. The COP, the 
condenser and evaporator pressures, and the net work input are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The COP of this refrigeration cycle is determined from 
1 1 


COE = =5.06 
RC (fy /T,)-1 (803K\(253K)-1 
(b) The condenser and evaporative pressures are (Table A-11) 30°C 
Povap = sat@-20°C = 132.82 kPa 
Poon = Psat@30°C = 770.64 kPa 


(c) The net work input is determined from 20O 


hy = (hp +xih p) se = 25-49 + (0.15X212.91) = 57.43 kJ/kg 
= 25.49 +(0.80)(212.91)= 195.82 kJ/kg 


hy =(hy +xzhy ew 


qı = h, —h, = 195.82 -57.43 = 138.4kJ/kg 


138.4 KJ/k 
vetin = te = BBS _ 97.35 kjikg 
"COP, 5.06 


w 


11-111 A room is cooled adequately by a 5000 Btu/h window air-conditioning unit. The rate of heat gain of the room when 
the air-conditioner is running continuously is to be determined. 


Assumptions 1 The heat gain includes heat transfer through the walls and the roof, infiltration heat gain, solar heat gain, 
internal heat gain, etc. 2 Steady operating conditions exist. 


Analysis The rate of heat gain of the room in steady operation is simply equal to the cooling rate of the air-conditioning 
system, 


Ore gain — O; soii = 5,000 Btu/h 


11-112 A heat pump water heater has a COP of 3.4 and consumes 6 kW when running. It is to be determined if this heat 
pump can be used to meet the cooling needs of a room by absorbing heat from it. 


Assumptions The COP of the heat pump remains constant whether heat is absorbed from the outdoor air or room air. 
Analysis The COP of the heat pump is given to be 3.4. Then the COP of the air-conditioning system becomes 

COP ic-cond = COP heat pump ~ 153.4- 1= 2.4 
Then the rate of cooling (heat absorption from the air) becomes 

Qoooling = COP i+ cond Win = (3.4)(6 kW) = 20.4 kW = 51,840 kJ/h 


since 1 kW = 3600 kJ/h. We conclude that this heat pump can meet the cooling needs of the room since its cooling rate is 
greater than the rate of heat gain of the room. 
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11-113 A heat pump that operates on the ideal vapor-compression cycle with refrigerant-134a as the working fluid is used 
to heat a house. The rate of heat supply to the house, the volume flow rate of the refrigerant at the compressor inlet, and the 
COP of this heat pump are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant tables (Tables A-12 and A-13), 


h, =h, @200xPa = 244.46 kJ/kg T 

P, = 200 kPa | 9@ House 
Si =S 200 kPa = 0.93773 kJ/kg -K 

sat. vapor OS @ E k - 
Vi =V, @200kPa = 0.099867 m?/kg 

P, = 0.9 MP 

i : ohare hn, = 275.75 kJ/kg 

25a] 
P, = 0.9 MPa 


hy = h; =101.61 kJ/kg (throttling) 


The rate of heat supply to the house is determined from 

Qy =m(h, —h; )= (0.32 kg/s)(275.75 — 101.61) kJ/kg = 55.73 kW 
(b) The volume flow rate of the refrigerant at the compressor inlet is 

V, = hv, = (0.32 kg/s)(0.099867 m3/kg)= 0.0320 m?/s 
(c) The COP oft his heat pump is determined from 


ope Sis tA E A 
- h,—h, 275.75 — 244.46 


Win 
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11-114 A ground-coupled heat pump that operates on the vapor-compression refrigeration cycle with refrigerant-134a as 
the working fluid is considered. The hardware and the T-s diagram for this air conditioner are to be sketched. The exit 
temperature of the water in the condenser and the COP are to be determined. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. 


T Water, 10°C 
We 0.32 kg/s 


Condenser 


\/_ Expansion 
valve 


Compressor 


Q; 
(b) The properties as given in the problem statement are 


h, = h3= hr@ 1400 kPa ~ 127.2 kJ/kg 
hy = hg @ 20°C = 261.6 kJ/kg. 


sat. vap. 


The rate of heat transfer in the condenser is determined from 


ee 
= =W. 
Qu Qi COP in 
; i 1 1 
= 1 = (18k 1+—]=21kW 
Qu àf t ( wf +2) 


An energy balance on the condenser gives 


Qu = m(h, z hz) = MyC pw (Toy =; Tw) 
Tow =Thy + Qu <y9°c + ate = 
m (0.32 kg/s)(4.18 kJ/kg°C) 


we pw 


25.7°C 


(c) The COP of the heat pump is 


COP. Oi — 2 
P Qy -Q,  21kKW-18kW 


It may also be determined from 


COP yp = COPR +1=6+1=7 
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11-115 An ideal vapor-compression refrigeration cycle with refrigerant-22 as the working fluid is considered. The 
evaporator is located inside the air handler of building. The hardware and the T-s diagram for this heat pump application are 
to be sketched. The COP of the unit and the ratio of volume flow rate of air entering the air handler to mass flow rate of R- 
22 through the air handler are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 
pressure. From the refrigerant-22 data from the problem statement, 


sat. vap. 


7°C 


27°C 


T; =-5°C hy =h, @ -sec = 248.1 kJ/kg 


sat. vapor | Sı =Sg @_sec = 0.9344 kI/kg-K 


P, =1728kPa 


h, = 283.7 kI/k 
ae > = 283.7 kJ/kg 


P, =1728 kPa 
sat. liquid 


hy = h, =101 kJ/kg (throttling) 


hs = hy @inskpa =101 kJ/kg 


(b) The COP of the refrigerator is determined from its definition, 


h, -h S 
gii- bela JABI _ 444 


h, —h, 283.7-248.1 


COP, = 


Win 
(c) An energy balance on the evaporator gives 
booa , V, 
Q: =mpg (h; —hy)=m,c, AT =— c ,AT 


Va 


Rearranging, we obtain the ratio of volume flow rate of air entering the air handler to mass flow rate of R-22 through the air 
handler 


V, h-hħ | (248.1—101) kJ/kg 

Mp (1/v)c,AT  (1/0.8323m7/kg)(1.005 kJ/kg -K))(20 K) 
= 6.091 (m° air/s)/(kg R22/s) 
= 365 (m? air/min)/(kg R22/s) 


Note that the specific volume of air is obtained from ideal gas equation taking the pressure of air to be 100 kPa (given) and 
using the average temperature of air (17°C = 290 K) to be 0.8323 m’/kg. 
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11-116 An air conditioner operates on the vapor-compression refrigeration cycle. The rate of cooling provided to the space, 
the COP, the isentropic efficiency and the exergetic efficiency of the compressor, the exergy destruction in each component 
of the cycle, the total exergy destruction, the minimum power input, and the second-law efficiency of the cycle are to be 
determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis (a) The properties of R-134a are (Tables A-11 through A-13) 
T, at@180kPa 7 —12.7°C 


Si 


P, =180 kPa h, = 245.14 kJ/kg 
T, =-12.7+2.7 =10°C Ís; = 0.9483 kJ/kg: K 
P, = 1200 kPa 


[is = 285.32 kJ/kg 
Si = Si 


P, =1200 u = 289.64 kJ/kg 


T, = 60°C S = 0.9614 kJ/kg: K 

Tyat@ 1200 kPa = 46.3°C 

P, = 1200 kPa h; z= hy@aorc = 108.26 kJ/kg 

T, = 46.3-6.3 = 40°C 83 = S faoc = 0.3948 kJ/kg: K 


P, =180 kPa 


s4 = 0.4228 kJ/kg: K 
h, = 108.26 kJ/kg 


The cooling load and the COP are 


Q; =m(h, — hy) = (0.06 kg/s)(245.14 — 108.26)kJ/kg = 8.213 kW 
3412 Btu/h 


= (8.213 kW) 
1kW 


= 28,020 Btulh 


Qy =m(h, — hy) = (0.06 kg/s)(289.64 — 108.26)kI/kg =10.88 kW 


Wia = rù(h, —h,) = (0.06 kg/s)(289.64 — 245.14)kI/kg = 2.670 kW 


cop = 1 = 8213KW _ 3 976 


W. 2.670kW 


(b) The isentropic efficiency of the compressor is 


h,, —h = 
ee 2s = _ 285.32 - 245.14 _ 0.9029 = 90.3% 
h,—h, 289.64 -245.14 


The reversible power and the exergy efficiency for the compressor are 


Wey = M[(hy - h) -To (s2 -81 )] 
= (0.06 kg/s)|(289.64 — 245.14)kJ/kg — (310 K)(0.9614 — 0.9483)kJ/kg - K ] 


=2.428 kW 
Nex,c = Wrev POLANA 0.9091 = 90.9% 
“ W., 2.670kW 


(c) The exergy destruction in each component of the cycle is determined as follows 


Compressor: 


S m(s> — s4) = (0.06 kg/s)(0.9614 — 0.9483) KJ/kg - K = 0.0007827 kW/K 


gen,1-2 = 
EX aest,1-2 = ToS gen,1-2 = (310 K)(0.0007827 kW/K) = 0.2426 kW 
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Condenser: 


rh(s, — s3) + we = (0.06 kg/s)(0.3948 — 0.9614) kJ/kg - K + LS =0.001114kW/K 


H 


S 


gen,2-3 7 


EX gest2-3 = ToS gen 2.3 = (310 K)(0.001114 kJ/kg - K) = 0.3452 kW 


gen,2- 


Expansion valve: 


S m(s4 — s3) = (0.06 kg/s)(0.4228 — 00.3948) kJ/kg - K = 0.001678 kW/K 


gen,3-4 7 
ÉXdest3-4 = ToS eo = (310 K)(0.001678 kJ/kg - K) = 0.5203 kJ/kg 
Evaporator: 
; : Q 8.213 kW 
S gen4-1 = MCS] — S4) T, = (0.06 kg/s)(0.9483 — 0.4228) kJ/kg - K — 304K = 0.003597 kW/K 


PSG aia = ToS eas = (310 K)(0.003597 kJ/kg - K) =1.115 kW 
The total exergy destruction can be determined by adding exergy destructions in each component: 


Exista = ÈX dest,1-2 ag ÈX dest 2-3 + EX dest3-4 F ËX dest4-1 
= 0.2426 + 0.3452 + 0.5203 + 1.115 
= 2.223 kW 


(d) The exergy of the heat transferred from the low-temperature medium is 


s x T 1 
Exe, =-Q,| 1-75 |= .213kW) 1-20) -0.4470KW 
i T; 294 


This is the minimum power input to the cycle: 


W. Ex , = 0.4470 kW 


in,min = Q 
The second-law efficiency of the cycle is 


W. 
Ny =—— = 0.4470 _ 0.1674 =16.7% 
W. 2.670 


1 


The total exergy destruction in the cycle can also be determined from 


EX aesttoal =Win — EXg, = 2.670 — 0.4470 = 2.223 kW 


The result is the same as expected. 
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11-117 An ideal vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. Cooling 
water flows through the water jacket surrounding the condenser. To produce ice, potable water is supplied to the chiller 
section of the refrigeration cycle. The hardware and the T-s diagram for this refrigerant-ice making system are to be 
sketched. The mass flow rates of the refrigerant and the potable water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) In an ideal vapor-compression refrigeration cycle, the compression process is isentropic, the refrigerant enters 
the compressor as a saturated vapor at the evaporator pressure, and leaves the condenser as saturated liquid at the condenser 


pressure. From the refrigerant-134a tables, 


Water 
200 kg/s 


\/_ Expansion 


valve Compressor 


Potable 
water 


140 kPa 


140 kPa 


T, =140kPa | h; = h @ 4oxpa = 239.16 kJ/kg 


sat. vapor S= Sg @ 140 kPa = 0.94456 kJ/kg -K 


P, =1200kP 
aus n h, = 284.07 kJ/kg 
Sy =S] 
P, = 1200 kPa 
sat. liquid } hs =h; @1200kPa = 117.77 kJ/kg 


hy = h, =117.77 kJ/kg (throttling) 
(b) An energy balance on the condenser gives 

Qu =Mp(h, —h3)=m,c,AT 
Solving for the mass flow rate of the refrigerant 


_my,C,AT — (200kg/s)(4.18 kJ/kg -K))(10 K) 


=50.3kg/s 
h, —h, (284.07 -117.77)kI/kg 


Mp 
(c) An energy balance on the evaporator gives 
Q; = Mr (h; —h,) = My hi 


Solving for the mass flow rate of the potable water 


_ tig (h) = hy) _ (50.3 kg/s)(239.16-117.77)kikg _ 183 is 
Y h; 333 kJ/kg ` 
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11-118 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is 
considered. The process with the greatest exergy loss is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis In this cycle, the refrigerant leaves the condenser as saturated liquid at the condenser pressure. The compression 
process is not isentropic. From the refrigerant tables (Tables A-11, A-12, and A-13), 


P, = Pw@-37c = 60 kPa | h, = 233.09 kJ/kg 
T, =-37 +7 = -30°C sı = 0.9867 kJ/kg :K 


P, =1.2 MPa 
82 =s] 


P, =1.2 MPa h; =hf @12MPa =117.77 kJ/kg 
sat. liquid S3 =Sf @12MPa = 9.42441 kJ/kg -K 


hy = h, =117.77 kJ/kg (throttling) 


T, = -37°C x4 = 0.5089 
hy =117.77 kJ/kg Í s4 = 0.4988 kJ/kg -K 


} h>, = 298.11 kJ/kg 


The actual enthalpy at the compressor exit is determined by using the 
compressor efficiency: 
hy, Fi hy 


hy -hı 1c 


h. -h 298.11—233. 
2s 1 933.004 2 5 = eae 305.33 kJ/kg 


P, =1.2 MPa 


d 
se h, = 305.33 Btu/lbm 


| s, =1.0075 kJ/kg -K 


The heat added in the evaporator and that rejected in the condenser are 


qı =h; —hy = (233.09 —117.77) kJ/kg = 115.32 kJ/kg 
qy =h, -h; = (305.33 - 117.77) kJ/kg = 187.56 kJ/kg 


The exergy destruction during a process of a stream from an inlet state to exit state is given by 


din dout 
Xdest = ToSgen = nfs =S- + 


source Tink 
Application of this equation for each process of the cycle gives 


Xdestroyed,12 = To (S2 — S1) = (803 K)(1.0075 — 0.9867) kJ/kg -K = 6.37 kJ/kg 


187.56 kJ/k 
H 
X destroyed, 34 = To (S4 — S3 ) = (303 K) (0.4988 — 0.42441) kJ/kg - K = 22.54 kJ/kg 
115.3 kJ/k 
X ¢estroyea,41 = Tol S1 -84 - = | = (303 K)| 0.9867 - 0.4988 8_ |=1.66 kJ/kg 
i T; (-34+273)K 


The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -34°C (239 K) and 
rejected to the ambient air at 30°C (303 K), which is also taken as the dead state temperature. Alternatively, one may use 
the standard 25°C (298 K) as the dead state temperature, and perform the calculations accordingly. 
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11-119 A refrigerator operating on a vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is 
considered. The process with the greatest exergy loss is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 


P, = Pit@-3rc = 60kPa | h, = 233.09 kJ/kg 
T, =-37+7=-30°C sı = 0.9867 kI/kg-K 


P, =1.2 MP 

2 7 h>, = 298.11 kJ/kg 
S2 =S] 
P, =1.2 MPa 


T T 6 3 h, = hy @ 40°C = 108.26 kJ/kg 
or LG eae S3 = S f @ 4c = 0.39486 kJ/kg -K 


= 46.3- 6.3 = 40°C 
hy = h, =108.26 kJ/kg (throttling) 
T, =-37°C x4 = 0.4665 
hy =108.26 kJ/kg | sy =0.4585 kJ/kg -K 


The actual enthalpy at the compressor exit is determined by using the 
compressor efficiency: 


hj. —h h, —h 11-233, 

pea >h, = h, +25 = 233.094 2 = 305.33 kJ/kg 
h, —h, Nc 0.90 

P, =1.2MPa 


and S, =1.0075 kI/kg-K 


h, = 305.33 Btu/lbm 


The heat added in the evaporator and that rejected in the condenser are 


qr = hy —hy = (233.09 -108.26) kJ/kg = 124.83 kJ/kg 
qu = hy —hy = (305.33 —108.26) kJ/kg = 197.07 kJ/kg 


The exergy destruction during a process of a stream from an inlet state to exit state is given by 


din Aout 
Xdest 7 TS gen ~ nfs Si T + 


source Tsink 
Application of this equation for each process of the cycle gives 


Xdcstroyed,12 = To (Sz — $1) = (303 K)(1.0075 — 0.9867) kJ/kg : K = 6.37 kJ/kg 


197.07 kI/k 
Hiern 5 -s3 + 2) = (303 Ko [ 0.9486 -1.0075 ate) =11.44 kJ/kg 
H 
Xextroyed,34 = To (S4 — 83) = (303 K)(0.4585 — 0.39486) KJ/kg -K = 19.28 kJ/kg 
124.83 KJ/k 
Xdestroyed, 41 =To| sı -84 -4 | = (3803 K) 0.9867 -0.4585 -——— © | = 1. 80 kJ/kg 
T, (34 +273) K 


The greatest exergy destruction occurs in the expansion valve. Note that heat is absorbed from fruits at -34°C (239 K) and 
rejected to the ambient air at 30°C (303 K), which is also taken as the dead state temperature. Alternatively, one may use 
the standard 25°C (298 K) as the dead state temperature, and perform the calculations accordingly. 
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11-120 A two-stage compression refrigeration system using refrigerant-134a as the working fluid is considered. The 
fraction of the refrigerant that evaporates as it is throttled to the flash chamber, the amount of heat removed from the 
refrigerated space, the compressor work, and the COP are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The flashing 
chamber is adiabatic. 
Analysis (a) The enthalpies of the refrigerant at several states are determined from the refrigerant tables to be (Tables A-11, 
A-12, and A-13) 

h; = 242.86 kJ/kg, h, = 267.72 kJ/kg 

h} = 262.40 kJ/kg, 

h; =127.22 kJ/kg, hę =127.22 kJ/kg 

h, =81.51 kJ/kg, hg = 81.51 kJ/kg 
The fraction of the refrigerant that evaporates as it is 
throttled to the flash chamber is simply the quality at state 
6, 
hg—hy —127.22-81.51 

hig 180.90 


= 0.2527 


Xo = 


(b) The enthalpy at state 9 is determined from an energy 
balance on the mixing chamber: 


Ein - Bout = AE ee) =0 > Ein =F a 


system 
Yo rach, = 9 mh; 
(tho =x6h; + (1 — X6 hy 
hy = (0.2527262.40) + (1 — 0.2527\267.72) = 266.38 kJ/kg 


P, = 0.6 MPa 


Sọ = 0.93516 kJ/kg - K 
hy = 266.38 kJ/kg 


Also, 


P, =1.4 MPa 


hy = 284.23 kJ/kg 
S4 = Sọ = 0.93516 kJ/kg - K 


Then the amount of heat removed from the refrigerated space and the compressor work input per unit mass of refrigerant 
flowing through the condenser are 


qı =(1— xs (h; — hg )= (1 — 0.2527 242.86 — 81.51) kJ/kg = 120.6 kJ/kg 


Win = Weompl,in + Weompll,in = (1 — X%6 \hy = hy ) + (1h, = hy ) 
= (1 — 0.2527)(267.72 — 242.86) kJ/kg + (284.23 — 266.38) kJ/kg = 36.43 kJ/kg 


(c) The coefficient of performance is determined from 


qı _ 120.6 kJ/kg _ 
w,, 36.43 kJ/kg 


in 


COP, = 
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11-121E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
cooling load of both evaporators per unit of flow through the compressor and the COP of the system are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 
Kinetic and potential energy changes are negligible. 


Condenser 

Analysis From the refrigerant tables (Tables A-11E, A- 

12E, and A-13E), 
P, =160 psia 
sat. liquid 


Expansion 


hy =h; = h, = 48.519 Btu/lbm (throttling) 


T; = 30°F 
apar } hs = h; @ 3f = 107.40 Btu/lbm 
7 
T; = —29.5°F 
h,=h op = 98.68 Btu/Ib 
sat. vapor ee ii 6 
For a unit mass flowing through the compressor, the F 
fraction of mass flowing through Evaporator II is denoted 
by x and that through Evaporator I is y (y = 1-x). From the 
cooling loads specification, 
Qie vapl 7 20 vap 2 
x(hs —hy) = 2y(h7 — he ) 
where x=I-y 
Combining these results and solving for y gives 
h; -h 107.40 — 48.51 
y <= = CEE = 0.3698 


~ Xh, —hg) + (hs —hy) _2(98.68 48.519) + (107.40 — 48.519) 
Then, x=1—y=1-0.3698 = 0.6302 


Applying an energy balance to the point in the system where the two evaporator streams are recombined gives 


= xh; + yh, _ (0.6302)(107.40) + (0.3698)(98.68) 
1 1 


= 104.18 Btu/lbm 


xh; + yh, = hy >h, 


Then, 
P, = Prt @-29.5°7 = 10 psia 


s; = 0.2418 Btu/Ibm-R 
h, = 104.18 Btu/Ibm 


P, =160 psi 
2 E h, =131.14 Btu/lbm 
Sy = S] 


The cooling load of both evaporators per unit mass through the compressor is 
qı =x(hs — hy) + y(h; — he) 
= (0.6302)(107.40 — 48.519) Btu/lbm + (0.3698)(98.68 — 48.519) Btu/lbm 
= 55.7 Btullbm 
The work input to the compressor is 
Win =h, — h, = (131.14 — 104.18) Btu/lbm = 27.0 Btu/lbm 


The COP of this refrigeration system is determined from its definition, 


qr _ 55.7 Btu/lbm _ 
27.0 Btu/Ibm 


COP, = 


Win 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


11-88 


11-122E A two-evaporator compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Prob. 11-121E and the refrigerant tables (Tables A-11E, A-12E, and A-13E), 


Sı = S, =0.2418 Btu/Ibm-R 
s3 = 0.09774 Btu/lbm - R 
s4 = 0.1024 Btu/lbm -R 
S; = 0.2226 Btu/lbm-R 
S6 = 0.1129 Btu/lbm-R 
s4 = 0.2295 Btu/lbm -R 
x = 0.6302 
y=1-x=0.3698 
91,45 = hs = hy == 58.88 Btu/lbm 
qz, =h; — he = 50.17 Btu/Ibm 
dy =82.61 Btu/lbm 


The exergy destruction during a process of a stream 
from an inlet state to exit state is given by 


Xdest = TS gen = nfs, Sj a + es 


source sink 


Application of this equation for each process of the cycle gives the exergy destructions per unit mass flowing through the 
compressor: 


82.61 Btu/lbm 


Xitoyda ns -S3 + au) = (540 R)[ 0.09774 ~ 0.2418 + AiG 


= 4.82 Btu/lbm 
H 


X destroyed, 346 7 To (xS4 + yS — S3) 
= (540 R)(0.6302 x 0.1024 + 0.3698 x 0.1129 — 0.09774) Btu/lbm - R = 4.60 Btu/lbm 


-xT q1,45 
X destroyed,45 — X40 S5 —S4— T 
L 


58.88 Btu/lbm 
500R 


= (0.6302)(540 r(0:2226 0.1024 


-yT 91.67 
Xdestroyed,67 — Y+0 S7 —S6 7 


) = 0.84 Btu/lbm 


T; 
50.17 Btu/lbm 
445R 


= (0.3698)(540 r(0.295 0.1129 ) = 0.77 Btu/lbm 


K isio mixing — To (Sı = XS5 — yS7) 
= (540 R)[0.2418 — (0.6302)(0.2226) — (0.3698)(0.2295)] = 9.00 Btu/lbm 
For isentropic processes, the exergy destruction is zero: 
X destroyed, 12 = 0 


The greatest exergy destruction occurs during the mixing process. Note that heat is absorbed in evaporator 2 from a 
reservoir at -15°F (445 R), in evaporator 1 from a reservoir at 40°F (500 R), and rejected to a reservoir at 80°F (540 R), 
which is also taken as the dead state temperature. 
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11-123 A two-stage compression refrigeration system with a separation unit is considered. The rate of cooling and the 


power requirement are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 
T; _ 8.9°C hy = hg @ 8.9°C — 255.55 kJ/kg 


sat. vapor S1 = Sg @ 89c = 9.92691 kJ/kg: K 
P, =1400 kP 

ETSIN i h, = 281.49 kJ/kg 
S2 =$] 
P} =1400 kPa 
hy = h, =127.22 kJ/kg (throttling) 
T; =8.9°C 

h; =h ec = 63.94 kJ/k 

sat. liquid } 3 FEBRE È 


he = h; =63.94kJ/kg (throttling) 


T; = —32°C h- = hg @ -32°C = 230.91 kJ/kg 


sat. vapor S7 = Sg @ -32c = 0.95813 kJ/kg -K 
P; = Por @goec = 400 kPa 


| hg = 264.51 kJ/kg 
Sg = S7 


An energy balance on the separator gives 


h; -h 255.55 —127.22 
rhs (hg — hs) = my (h, —hy)—> mg = m, a 7 = (2kg) eet =1.280 kg/s 
| 


264.51- 63.94 
The rate of cooling produced by this system is then 
Q; = rns (h; — he) = (1.280 kg/s)(230.91— 63.94) kJ/kg = 213.7 kJIs 
The total power input to the compressors is 


Win = Mg (hg —h,) +171, (h, — hy) 
= (1.280 kg/s)(264.51—230.91) kJ/kg + (2 kg/s)(281.49 — 255.55) kJ/kg = 94.89 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


11-89 


11-90 


11-124 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is considered. The 
process with the greatest exergy destruction is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 
Analysis From Prob. 11-109 and the refrigerant tables (Tables A-11, A-12, and A-13), 


Sı = S, = 0.92691 kJ/kg -K 
s3 = 0.45315 kJ/kg-K 

s4 = 0.4720 kI/kg-K 

S; = 0.24761 kJ/kg -K 

S¢ = 0.2658 kJ/kg -K 

S7 = Sg = 0.95813 kJ/kg: K 
Mapper = 2 kg/s 

Mower = 1.280 kg/s 

q; =h; -h =166.97 kJ/kg 
dy = hy —h, =154.27 kJ/kg 
T; =-18+273=255KĶ 

Ty = To =25+273 =298K 


The exergy destruction during a process of a stream from an inlet state to exit 
state is given by 


din daout 
Xdest = TS gen a] ns Si T + 


source Tsink 


Application of this equation for each process of the cycle gives 


; . qH 
X destroyed, 23 = M upper L0 j —So + T 
H 


= 26.18 kW 


154.27 kJ/k. 
= (2 kg/s)(298 K(oassis -0.92691 ee 


X destroyed.34 = Mupper To (S4 — $3) = (2 kg/s)(298 K)(0.4720 — 0.45315) kJ/kg -K = 11.23 kW 
X destroyed,56 = ower To (S6 — 55 ) = (1.280 kg/s)(298 K)(0.2658 — 0.24761) kJ/kg -K = 6.94 kW 


: : qı 
X destroyed, 67 = Miowerlo [o =S67 T 
L 


166.97 kI/kg 


= (1.280 kg/s)(298 K)| 0.95813 — 0.2658 - 
( g/s)( f EE 


) =14.32kW 
Kakie separator — To [rn lower (s5 = Sg) + M ippa (sı =S4 )| 
= (298 K| .280 kg/s)(0.24761 — 0.95813) + (2 kg/s)(0.92691 — 0.4720)] =0.11kW 
For isentropic processes, the exergy destruction is zero: 
Xosa =0 
X detoa: 7-5 0 


Note that heat is absorbed from a reservoir at 0°F (460 R) and rejected to the standard ambient air at 77°F (537 R), which is 
also taken as the dead state temperature. The greatest exergy destruction occurs during the condensation process. 
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11-125 A regenerative gas refrigeration cycle with helium as the working fluid is considered. The temperature of the helium 
at the turbine inlet, the COP of the cycle, and the net power input required are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Helium is an ideal gas with constant specific heats at room temperature. 
3 Kinetic and potential energy changes are negligible. 


Properties The properties of helium are cp = 5.1926 kJ/kg:K 
and k = 1.667 (Table A-2). 


T ; 
Analysis (a) The temperature of the helium at the turbine inlet is Qu 2 
determined from an energy balance on the regenerator, 
3 
. ; : #0 (stead 20°C 
Ein = E out = AE system eao = 0 
f i -10°C 1 
Ein = E out 
Y inghe = Y rih, — rhs hy) = rl =h) 4 A 
° regen 
-25°C 
or, 6 


Qrettig 


me ,(T3 -T,) = me , (T, -T,) —> T; -T, =T, -T6 
Thus, 


T, =T} -T, +T; = 20°C—(-10°C)+ (— 25°C) = 5°C = 278K 
(b) From the isentropic relations, 


(k-1)/k 
T, = (2) = (263 K (3) 66 = 408.2 K =135.2°C 
1 


P (k-1)/k q \0667/1.667 
T= {2 = (278 KI) =179.1 K =-93.9°C 
P, 3 


Then the COP of this ideal gas refrigeration cycle is determined from 


qr qr he —hs 
COP, = = = 
7 Woet,in Weomp,in — W turb, out (h, = hy )- (hy = hs ) 
T; -T,; -25°C -— (-93.9°C) 


=1.49 


m, -7,)-0,-7T;) 35.2-C10)Pc -f5 -93.9)PC 
(c) The net power input is determined from 


Wastin = Weak a VRE m ml(h, —h, )- (hy —hs )] 
= rie p(T, -T,)- (T, -Ts )] 
= (0.45 kg/s\'5.1926 kJ/kg -°C\[135.2 —(-10)]—[5—(—93.9)}) 
=108.2 kW 
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11-126 An absorption refrigeration system operating at specified conditions is considered. The minimum rate of heat supply 
required is to be determined. 


Analysis The maximum COP that this refrigeration system can have is 


T, T 
COPp max =| 1- £ L í as =| A ) =2.274 
i T, Ta -T; 368K )\ 298 -275 


Thus, 
: } 28k 
Qgen min 7 a = al =12.3kW 
, COPR max 2-274 
> 
11-127 Problem 11-126 is reconsidered. The effect of the source temperature on the minimum rate of heat supply is 


to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 
TL=2[C] 

T_0 = 25 [C] 
Ts = 95 [C] 


Q_dot_L = 28 [kW] 

"The maximum COP that this refrigeration system can have is:" 
COP_R_max = (1-(T_0+273)/(T_s+273))*((T_L+273)/(T_0 - T_L)) 
"The minimum rate of heat supply is:" 

Q_dot_gen_min = Q_dot_L/COP_R_max 


Ts Qgenmin 

[C] [kW] 

50 30.26 

75 16.3 

100 11.65 

125 9.32 = 
150 7.925 =x, 
175 6.994 = 
200 6.33 z 
225 5.831 S 
250 5.443 © 
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11-128 A regenerative gas refrigeration cycle using air as the working fluid is considered. The effectiveness of the 
regenerator, the rate of heat removal from the refrigerated space, the COP of the cycle, and the refrigeration load and the 
COP if this system operated on the simple gas refrigeration cycle are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air is an ideal 
gas with variable specific heats. 


Analysis (a) For this problem, we use the properties of air from EES. Note that for an ideal gas enthalpy is a function of 
temperature only while entropy is functions of both temperature and pressure. 
T, = 0°C ——> h; = 273.40 kJ/kg 
P, =100 kPa 
T; =0°C 
P, =500kPa 


S2 =S; 


hs = 5.6110 kJ/kg.K 


bh = 433.50 kJ/kg 


ee hy 
Te aig 
433.50 — 273.40 
h, -273.40 
h, = 473.52 kJ/kg 


T, =35°C——> h; =308.63 kJ/kg 


0.80 


Compressor | 


For the turbine inlet and exit we have 


T; = -80°C—> h; = 193.45 kJ/kg 


T 
T4 = ?—>h, = 
h,—-h 
1r = 
h, — hs, 35°C 
P, =100kPa 0°C 
sı = 5.6110 kJ/kg.K 
T, =0°C 
P, = 500 kPa | 
S4 = 
T4 =? -80°C 
P; = 500 kPa | 
Ssi 
S5 = S4 


We can determine the temperature at the turbine inlet from EES using the above relations. A hand solution would require a 
trial-error approach. 


Ty = 281.8 K, hg = 282.08 kJ/kg 
An energy balance on the regenerator gives 


he = h; —h; +h, =273.40—308.63 + 282.08 = 246.85 kJ/kg 


The effectiveness of the regenerator is determined from 


h, -h = 
e = Paha _ 308.63-282.08 _ 9 439 
gen “hy —hg 308.63- 246.85 


(b) The refrigeration load is 
Q; = m(h, —h; ) = (0.4 kg/s)(246.85 —193.45)kJ/kg = 21.36 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


11-94 
(c) The turbine and compressor powers and the COP of the cycle are 


Wein = ti( hy — h; ) = (0.4 kg/s)(473.52 —273.40)kJ/kg = 80.05 kW 


Wr out = (h4 — h5) = (0.4 kg/s)(282.08 - 193.45)kI/kg = 35.45 kW 


COP = Q =— Qr -2136  _ 9.479 
Wein —Wrou 80.05-35.45 


net,in 
(d) The simple gas refrigeration cycle analysis is as follows: 
h, = 273.40 kJ/kg 


hy = 473.52 kJ/kg 
h, = 308.63 kJ/kg 


P, = 500 kPa 
‘ s; = 5.2704 kJ/kg 
T, =35°C 
P, = 100 kPa 
i hy, =194.52 kJ/kg.K 
S4 = S3 S 
h; -h 308.63- h 
jes > 0.85 = 4 > h4 = 211.64 kJ/kg 
h; — h4, 308.63 — 194.52 


Q; = m(h; —hy) = (0.4 kg/s)(273.40 —211.64)kJ/kg = 24.70 kW 


Waetin = (Cha — hy )— (hy — hy) = (0.4 kg/s)[(473.52 — 273.40) — (308.63 — 21 1.64)kJ/kg]= 41.25 kW 
COP Q 2470 _ 9.599 
Wet in 41.25 
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11-129 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 


be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Throttle 
valve 
oe 


Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 


P, =800 kPa 


sat. liquid h; =h‘ @ gooxpa = 95.47 kJ/kg 


T, = Tsat @ 800 kPa -11.3 
=31.3-11.3=20°C > hy = hr @20°C = 79.32 kJ/kg 
P, =800 kPa 


h; = h, =79.32kJ/kg (throttling) 


T =-10.1°C hs =h; @ -10.100 = 244.46 kJ/kg 


sat. vapor Ps = Prat @ -10.1°c = 200 kPa 


An energy balance on the heat exchanger gives 


m(h, —hg) = m(h, —h,) >h; = h, —hy +h =95.47— 79.32 + 244.46 = 260.61 kJ/kg 
Then, 


P, =200kPa 


= 0.9970 kJ/kg -K 
h, = 260.61 kJ/kg Si g 


P, = 800 kPa 


h, = 292.17 kJ/k 


The COP of this refrigeration system is determined from its definition, 


_ 41 _hę-h5 _ 244.46-79.32 _ 
a h,—-h, 292.17-260.61 


COP, 5.23 


w 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


11-96 


11-130 An innovative vapor-compression refrigeration system with a heat exchanger is considered. The system’s COP is to 
be determined. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Condenser 


Throttle 
valve 
. 


Analysis From the refrigerant tables (Tables A-11, A-12, and A-13), 


P, = 800 kPa 


sat. liquid hs =F @ gooxpa = 99-47 kJ/kg 


T, = Tat @ 800 kPa -21.3 

=31.3-21.3=10°C > h, = hf @10°c = 65.43 kJ/kg 
P, = 800 kPa 
h; = h; = 65.43 kJ/kg (throttling) 


Ts =-10.1°C | he =hg @ -10.100 = 244.46 kJ/kg 
sat. vapor Ps = Prat @ -10.1°c = 200 kPa 
An energy balance on the heat exchanger gives 


(h, — hg) = mh(h, —h,)——> h; = hy —hy + hg = 95.47 — 65.43 + 244.46 = 274.50 kJ/kg 


Then, 


P, =200kPa 


=1,0449 kI/kg-K 
h, = 274.50 kJ/kg Si 8 


P, =800kPa 


hy = 308.28 kJ/k 


The COP of this refrigeration system is determined from its definition, 


he -h - 
cop, = = 6 s _ 24446-6543 530 
Win h,—h,  308.28—274.50 
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11-131 An ideal gas refrigeration cycle with with three stages of compression with intercooling using air as the working 
fluid is considered. The COP of this system is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential 
energy changes are negligible. 


Properties The properties of air at room temperature are cp = 1.005 kJ/kg:K and k = 1.4 (Table A-2a). 


Analysis From the isentropic relations, 


(k-1)/k 
T» =T, (> = (243 K)\(7)°*/"4 =423.7K 
1 


(k-1)/k 
T, =T; = (2) = (288 K)(7)°*/'4 = 502.2K 
3 


P (k-1)/k 1 0.4/1.4 
t= nà ) = (288 Ks] =54.3K 
L 


The COP of this ideal gas refrigeration cycle is determined from 


COP, = dt qr 
Woet,in Weomp,in — Wturb,out 
7 h, -h; 
(h, =h) +(h4 =h3)+ (hg =hs)=(h; — hg) 
(T, -T,)+ 2%, -T3)- (T; -T;) 
a 243 -54.3 
(423.7 — 243) + 2(502.2 — 288) — (288 — 54.3) 
= 0.503 
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11-132 A vortex tube receives compressed air at 500 kPa and 300 K, and supplies 25 percent of it as cold air and the rest as 
hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle for the same pressure ratio; the 
exit temperature of the hot fluid stream and the COP are to be determined; and it is to be shown if this process violates the 
second law. 


Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady 
operating conditions exist. 


Properties The gas constant of air is 0.287 kJ/kg.K (Table A-1). The specific heat of air at room temperature is c, = 1.005 
kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be expressed in terms of specific heats as h = c,T. 


Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the same pressure ratio 
since the vortex tube involves vortices, which are highly irreversible. Owing to this irreversibility, the minimum 
temperature that can be obtained by the vortex tube is not as low as the one that can be obtained by the revered Brayton 
cycle. 


(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it involves no heat 


or work interactions. Then the steady-flow energy balance equation for this system Èn = E,,, for a unit mass flow rate at 


out 
the inlet (m =1 kg/s) can be expressed as 
Compressed 
mh; =m,h, +m,h; air 


mC T; =mM3C pT, +M3C pT 


Ic „T; =0.25c „T, +0.75c „T3 Cold air Warm air 


Canceling c, and solving for T; gives 


_1T,-0.25T, _ 300-0.25x278 
0.75 0.75 


T, = 307.3 K 


Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K. 


(c) The entropy balance for this steady flow system Sin — Sou: + So = 0 can be expressed as with one inlet and two exits, 


and it involves no heat or work interactions. Then the steady-flow entropy balance equation for this system for a unit mass 
flow rate at the inlet (m, =1 kg/s) can be expressed 


S gen ES -Sin 
=mM,S, +m3S3 — mS; = MS +m3S3 — (m, +m,)s, 
=m (S2 —S,)+mM3(S3 —S;) 
=0.25(s, —s,)+0.75(s3 —S,) 
T. P. T P. 
=0.25| c, In =>- R In — |+0.75| c „, In =>- R In => 
T; P, T; P, 


Substituting the known quantities, the rate of entropy generation is determined to be 


100kP 
Sen = 0.25] (1.005 KJ/kg.K) In 2S _ (0.287 kJ/kg.K) Ino 
300K 500 kPa 
ro.7 A005 kike K a = 0 287 kike Kin LUE 
300K 500 kPa 


=0.461 kW/K > 0 
which is a positive quantity. Therefore, this process satisfies the 2" law of thermodynamics. 


(d) For a unit mass flow rate at the inlet (m, =1 kg/s), the cooling rate and the power input to the compressor are 
determined to 


Qoooling T Mme (h; ~ h,) = MC, (T, -T,) 
= (0.25 kg/s)(1.005 kJ/kg.K)(300 - 278)K = 5.53 kW 
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: (k-1)/k 
Wenge eG a ek | 
ine (k z Deomp P 0 


_ (Ikg/s)(0.287 kJ/kg.K)(300 K) | ( 500 kPa \°* 9!" EAT 
(1.4 —1)0.80 100 kPa l 


Then the COP of the vortex refrigerator becomes 


Qeooling = 5.53 kW 
V 157.1kW 


COP = = 0.035 


Weompin 
The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is 
Ty 278 K 


=12.6 
T-T, (300-278) K 


COPcamot z 


Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot refrigerator operating 
between the same temperature limits. 
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11-133 A vortex tube receives compressed air at 600 kPa and 300 K, and supplies 25 percent of it as cold air and the rest as 
hot air. The COP of the vortex tube is to be compared to that of a reversed Brayton cycle for the same pressure ratio; the 
exit temperature of the hot fluid stream and the COP are to be determined; and it is to be shown if this process violates the 
second law. 


Assumptions 1 The vortex tube is adiabatic. 2 Air is an ideal gas with constant specific heats at room temperature. 3 Steady 
operating conditions exist. 


Properties The gas constant of air is 0.287 kJ/kg.K (Table A-1). The specific heat of air at room temperature is c, = 1.005 
kJ/kg.K (Table A-2). The enthalpy of air at absolute temperature T can be expressed in terms of specific heats as h = c, T. 


Analysis (a) The COP of the vortex tube is much lower than the COP of a reversed Brayton cycle of the same pressure ratio 
since the vortex tube involves vortices, which are highly irreversible. Owing to this irreversibility, the minimum 
temperature that can be obtained by the vortex tube is not as low as the one that can be obtained by the revered Brayton 
cycle. 


(b) We take the vortex tube as the system. This is a steady flow system with one inlet and two exits, and it involves no heat 
or work interactions. Then the steady-flow entropy balance equation for this system Éin = Eou for a unit mass flow rate at 
the inlet (m, =1 kg/s) can be expressed as 


Compressed 
air 


Cold air Warm air 


Canceling c, and solving for T; gives 


_1T,-0.25T, _ 300-0.25x278 
0.75 0.75 


T, = 307.3 K 


Therefore, the hot air stream will leave the vortex tube at an average temperature of 307.3 K. 


(c) The entropy balance for this steady flow system Sin — Sou: + Sa = 0 can be expressed as with one inlet and two exits, 


and it involves no heat or work interactions. Then the steady-flow energy balance equation for this system for a unit mass 
flow rate at the inlet (m, =1 kg/s) can be expressed 


S gen = Shi -Sin 
=mM,S, +M3S8,—mM,S; =M,S, +M3S3 — (Mm, +mM,)s, 
= My (S2 —S1)+ m3 (S3 —S;) 
=0.25(s, —s,)+0.75(s3 =S; ) 
T. P. T. P. 
=0.25| c, In =>- R In — |+0.75| c „, In =>- R In => 
T; P, T; P, 


Substituting the known quantities, the rate of entropy generation is determined to be 


Sen = 0.25 (1.005 kI/kg.K)In 2 $£ _ (0.287 kJ/kg.K)in Oo KPA 
, us 600 kPa 
100 KP 
+0.75 (1.005 ki/kg.K)In 222E _ (0.287 kJ/kg.K)In ee 
re 600 kPa 


=0.513 kW/K>0 
which is a positive quantity. Therefore, this process satisfies the 2" law of thermodynamics. 


(d) For a unit mass flow rate at the inlet (m, =1 kg/s), the cooling rate and the power input to the compressor are 
determined to 


Qcooting = mM. (h; = h,) = me, (T -T,) 
= (0.25 kg/s)(1.005 kJ/kg.K)(300 -278)K = 5.53 kW 
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i (k-1)/k 
Wiki MRI <! P 4 
ice (k = 1D) comp Po 


_ (Lkg/s)(0.287 kJ/kg.K)(300 K) | ( 600 kPa \0 44 aa Caoa 
(1.4 —1)0.80 100 kPa l 


Then the COP of the vortex refrigerator becomes 


(OF 2 5.53 kW 
V 179.9kW 


COP = = 0.031 


Wegman 
The COP of a Carnot refrigerator operating between the same temperature limits of 300 K and 278 K is 


T 
COP camot m L F lish 


=12.6 
Ty -T, (300—278)K 


Discussion Note that the COP of the vortex refrigerator is a small fraction of the COP of a Carnot refrigerator operating 
between the same temperature limits. 
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EES 
11-134 The effect of the evaporator pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 
134a as the working fluid is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P[1]=100 [kPa] 

P[2] = 1400 [kPa] 

Fluid$='R134a' 

Eta_c=1.0 "Compressor isentropic efficiency" 

"Compressor" 

h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1]=entropy(Fluid$,P=P[1],x=1) 
T[1]=temperature(Fluid$,h=h[1],P=P[1]) 
h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wecs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c'definition of compressor isentropic efficiency" 
h[1]+W_c=h[2] “energy balance on real compressor-assumed adiabatic 
s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 
T[2]=temperature(Fluid$,h=h[2],P=P[2]) 

"Condenser" 

P[3] = P[2] 

h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=0) 

h[2]=Qout+h[3] "energy balance on condenser" 

"Throttle Valve" 

h[4]=h[3] “energy balance on throttle - isenthalpic" 
x[4]=quality(Fluid$,h=h[4],P=P[4]) “properties for state 4" 
s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 

"Evaporator" 

P[4]= P[1] 

Q_in + h[4]=h[1] “energy balance on evaporator" 

"Coefficient of Performance:" 

COP=Q_in/W_c "definition of COP" 


P, | COP | ne = i i i i 
[kPa] i 

100 1937| 1 

150 | 2417| 1 

200 | 2886 | 1 

250 | 3363| 1 

300 | 3.859) 1 a 
350 | 4384 | 1 5 
400 | 4.946 | 1 

450 | 5.555 | 1 

500 | 6.22 | 1 


P[1] [kPa] 
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134a as the working fluid is to be investigated. 


11-103 


The effect of the condenser pressure on the COP of an ideal vapor-compression refrigeration cycle with R- 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 


P[1]=150 [kPa] 
P[2] = 400 [kPa] 
Fluid$='R134a' 


Eta_c=0.7 "Compressor isentropic efficiency" 


"Compressor" 
h[1]=enthalpy(Fluid$,P=P[1],x=1) "properties for state 1" 
s[1]=entropy(Fluid$,P=P[1],x=1) 


T[1]=temperature(Fluid$,h=h[1],P=P[1]) 


h2s=enthalpy(Fluid$,P=P[2],s=s[1]) "Identifies state 2s as isentropic" 
h[1]+Wecs=h2s "energy balance on isentropic compressor" 
W_c=Wcs/Eta_c'definition of compressor isentropic efficiency" 


h[1]+W_c=h[2] “energy balance on real compressor-assumed adiabatic" 


s[2]=entropy(Fluid$,h=h[2],P=P[2]) "properties for state 2" 


T[2]=temperature(Fluid$,h=h[2],P=P[2]) 


"Condenser" 
P[3] = P[2] 


h[3]=enthalpy(Fluid$,P=P[3],x=0) "properties for state 3" 
s[3]=entropy(Fluid$,P=P[3],x=0) 
h[2]=Qout+h[3] "energy balance on condenser" 
"Throttle Valve" 
h[4]=h[3] “energy balance on throttle - isenthalpic" 

x[4]=quality(Fluid$,h=h[4],P=P[4]) "properties for state 4" 


s[4]=entropy(Fluid$,h=h[4],P=P[4]) 
T[4]=temperature(Fluid$,h=h[4],P=P[4]) 


"Evaporator" 
P[4]= P[1] 


Q_in + h[4]=h[1] “energy balance on evaporator" 


"Coefficient of Performance:" 


COP=Q_in/W_c "definition of COP" 


COP 


5 
3 | mn 4 
J F Ncomp=0:7 yo 
1 [ 1 pog i a SA: 1 1 1 ] 
400 600 800 1000 1200 

P[2] [kPa] 
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11-136 A relation for the COP of the two-stage refrigeration system with a flash chamber shown in Fig. 11-12 is to be 


derived. 
Analysis The coefficient of performance is determined from 


COP, = 24 
Win 
where 
he —h 
qı =(1- Xb) hg) with x= 2L 
hig 


Win = Weomplin + Weompllin = (1 — X6 (ht = hi )+ (1)(hy F hy) 
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Fundamentals of Engineering (FE) Exam Problems 


11-137 Consider a heat pump that operates on the reversed Carnot cycle with R-134a as the working fluid executed under 
the saturation dome between the pressure limits of 140 kPa and 800 kPa. R-134a changes from saturated vapor to saturated 
liquid during the heat rejection process. The net work input for this cycle is 


(a) 28 kJ/kg (b) 34 kJ/kg (c) 49 kJ/kg (d) 144 kJ/kg (e) 275 kJ/kg 
Answer (a) 28 kJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=800 "kPa" 

P2=140 "kPa" 
h_fg=ENTHALPY(R134a,x=1,P=P1)-ENTHALPY(R134a,x=0,P=P1) 
TH=TEMPERATURE(R134a,x=0,P=P1)+273 
TL=TEMPERATURE(R134a,x=0,P=P2)+273 

q_H=h_fg 

COP=TH/(TH-TL) 

w_net=q_H/COP 


"Some Wrong Solutions with Common Mistakes:" 

W1_work = g_H/COP1; COP1=TL/(TH-TL) "Using COP of regrigerator" 

W2_work = gq_H/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 

W3_work = h_fg3/COP; h_fg3= ENTHALPY(R134a,x=1,P=P2)-ENTHALPY(R134a,x=0,P=P2) "Using h_fg at 
P2" 

W4_work = q_H*TL/TH "Using the wrong relation" 


11-138 A refrigerator removes heat from a refrigerated space at 0°C at a rate of 2.2 kJ/s and rejects it to an environment at 
20°C. The minimum required power input is 


(a) 89 W (b) 150 W (c) 161 W (d) 557 W (e) 2200 W 
Answer (c) 161 W 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TH=20+273 
TL=0+273 

Q_L=2.2 "kJ/s" 
COP_max=TL/(TH-TL) 
w_min=Q_L/COP_max 


"Some Wrong Solutions with Common Mistakes:" 

W1_work = Q_L/COP1; COP1=TH/(TH-TL) “Using COP of heat pump" 
W2_work = Q_L/COP2; COP2=(TH-273)/(TH-TL) "Using C instead of K" 
W3_work = Q_L*TL/TH "Using the wrong relation" 

W4_work = Q_L "Taking the rate of refrigeration as power input" 
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11-139 A refrigerator operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 120 kPa and 800 kPa. If the rate of heat removal from the refrigerated space is 32 kJ/s, the mass flow 
rate of the refrigerant is 


(a) 0.19 kg/s (b) 0.15 kg/s (c) 0.23 kg/s (d) 0.28 kg/s (e) 0.81 kg/s 
Answer (c) 0.23 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=120 "kPa" 

P2=800 "kPa" 

P3=P2 

P4=P1 

s2=s1 

Q_refrig=32 "kJ/s" 
m=Q_refrig/(h1-h4) 
h1=ENTHALPY(R134a,x=1,P=P1) 
S1=ENTROPY(R134a,x=1,P=P1) 
h2=ENTHALPY(R134a,s=s2,P=P2) 
h3=ENTHALPY(R134a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_mass = Q_refrig/(h2-h1) "Using wrong enthalpies, for W_in" 

W2_mass = Q_refrig/(h2-h3) "Using wrong enthalpies, for Q_H" 

W3_mass = Q_refrig/(h1-h44); h44=ENTHALPY(R134a,x=0,P=P4) "Using wrong enthalpy h4 (at P4)" 
W4_mass = Q_refrig/h_fg; h_fg=ENTHALPY(R134a,x=1,P=P2) - ENTHALPY(R134a,x=0,P=P2) "Using h_fg at 
P2” 
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11-140 A heat pump operates on the ideal vapor compression refrigeration cycle with R-134a as the working fluid between 
the pressure limits of 0.32 MPa and 1.2 MPa. If the mass flow rate of the refrigerant is 0.193 kg/s, the rate of heat supply by 
the heat pump to the heated space is 


(a) 3.3 kW (b) 23 kW (c) 26 kW (d) 31 kW (e) 45 kW 
Answer (d) 31 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=320 "kPa" 
P2=1200 "kPa" 
P3=P2 

P4=P1 

s2=s1 
m=0.193 "kg/s" 


Q_supply=m*(h2-h3) "kJ/s" 
h1=ENTHALPY(R134a,x=1,P=P1) 
s1=ENTROPY(R134a,x=1,P=P1) 
h2=ENTHALPY(R134a,s=s2,P=P2) 
h3=ENTHALPY(R134a,x=0,P=P3) 
h4=h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_Qh = m*(h2-h1) "Using wrong enthalpies, for W_in" 

W2_Qh = m*(h1-h4) "Using wrong enthalpies, for Q_L" 

W3_Qh = m*(h22-h4); h22=ENTHALPY(R134a,x=1,P=P2) "Using wrong enthalpy h2 (hg at P2)" 

W4_Qh = m*h_fg; h_fg=ENTHALPY(R134a,x=1,P=P1) - ENTHALPY(R134a,x=0,P=P1) "Using h_fg at P1" 
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11-141 An ideal vapor compression refrigeration cycle with R-134a as the working fluid operates between the pressure 
limits of 120 kPa and 700 kPa. The mass fraction of the refrigerant that is in the liquid phase at the inlet of the evaporator is 


(a) 0.69 (b) 0.63 (c) 0.58 (d) 0.43 (e) 0.35 
Answer (a) 0.69 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=120 "kPa" 

P2=700 "kPa" 

P3=P2 

P4=P1 
h1=ENTHALPY(R134a,x=1,P=P1) 
h3=ENTHALPY(R134a,x=0,P=P3) 
h4=h3 
X4=QUALITY(R134a,h=h4,P=P4) 
liquid=1-x4 


"Some Wrong Solutions with Common Mistakes:" 

W1_liquid = x4 "Taking quality as liquid content" 

W2_liquid = 0 "Assuming superheated vapor" 

W3_liquid = 1-x4s; x4S=QUALITY(R134a,s=s3,P=P4) "Assuming isentropic expansion" 
s3=ENTROPY(R134a,x=0,P=P3) 
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11-142 Consider a heat pump that operates on the ideal vapor compression refrigeration cycle with R-134a as the working 
fluid between the pressure limits of 0.32 MPa and 1.2 MPa. The coefficient of performance of this heat pump is 


(a) 0.17 (b) 1.2 (c) 3.1 (d) 4.9 (e) 5.9 
Answer (e) 5.9 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=320 "kPa" 
P2=1200 "kPa" 
P3=P2 

P4=P1 

s2=s1 


h1=ENTHALPY(R134a,x=1,P=P1) 
s1=ENTROPY(R134a,x=1,P=P1) 
h2=ENTHALPY(R134a,s=s2,P=P2) 
h3=ENTHALPY(R134a,x=0,P=P3) 
h4=h3 

COP_HP=qH/Win 

Win=h2-h1 

qH=h2-h3 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h1-h4)/(h2-h1) "COP of refrigerator" 

W2_COP = (h1-h4)/(h2-h3) “Using wrong enthalpies, QL/QH" 

W3_COP = (h22-h3)/(h22-h1); h22=ENTHALPY(R134a,x=1,P=P2) "Using wrong enthalpy h2 (hg at P2)" 


11-143 An ideal gas refrigeration cycle using air as the working fluid operates between the pressure limits of 80 kPa and 
280 kPa. Air is cooled to 35°C before entering the turbine. The lowest temperature of this cycle is 


(a) -58°C (b) -26°C (c) 0°C (d) 11°C (e) 24°C 
Answer (a) -58°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

P1= 80 "kPa" 

P2=280 "kPa" 

T3=35+273 "K" 

"Mimimum temperature is the turbine exit temperature" 
T4=T3*(P1/P2)((k-1)/k) - 273 


"Some Wrong Solutions with Common Mistakes:" 

W1_Tmin = (T3-273)*(P1/P2)*((k-1)/k) "Using C instead of K" 
W2_Tmin = T3*(P1/P2)*((k-1)) - 273 "Using wrong exponent" 
W3_Tmin = T3*(P1/P2)*k - 273 "Using wrong exponent" 
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11-144 Consider an ideal gas refrigeration cycle using helium as the working fluid. Helium enters the compressor at 100 
kPa and 17°C and is compressed to 400 kPa. Helium is then cooled to 20°C before it enters the turbine. For a mass flow 
rate of 0.2 kg/s, the net power input required is 


(a) 28.3 kW (b) 40.5 kW (c) 64.7 kW (d) 93.7 kW (e) 113 kW 
Answer (d) 93.7 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

Cp=5.1926 "kJ/kg.K" 

P1= 100 "kPa" 

T1=17+273 "K" 

P2=400 "kPa" 

T3=20+273 "K" 

m=0.2 "kg/s" 

"Mimimum temperature is the turbine exit temperature" 
T2=T1*(P2/P1)*((k-1)/k) 
T4=T3*(P1/P2)*((k-1)/k) 
W_netin=m*Cp*((T2-T1)-(T3-T4)) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Win = m*Cp*((T22-T1)-(T3-T44)); T22=T1*P2/P1; T44=T3*P1/P2 "Using wrong relations for temps" 
W2_Win = m*Cp*(T2-T1) "Ignoring turbine work" 

W3_Win=m*1.005*((T2B-T1)-(T3-T4B)); T2B=T1*(P2/P1)*((kB-1)/kKB); T4B=T3*(P1/P2)*((KB-1)/KB); kB=1.4 
"Using air properties" 

W4_Win=m*Cp*((T2A-(T1-273))-(T3-273-T4A)); T2A=(T1-273)*(P2/P1)*((k-1)/k); T4A=(T3-273)*(P1/P2)*((k- 
1)/k) "Using C instead of K" 
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11-145 An absorption air-conditioning system is to remove heat from the conditioned space at 20°C at a rate of 150 kJ/s 
while operating in an environment at 35°C. Heat is to be supplied from a geothermal source at 140°C. The minimum rate of 
heat supply required is 


(a) 86 kJ/s (b) 21 kJ/s (c) 30 kJ/s (d) 61 kJ/s (e) 150 kJ/s 
Answer (c) 30 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


TL=20+273 "K" 

Q_refrig=150 "kJ/s" 

T0=35+273 "K" 

Ts=140+273 "K" 
COP_max=(1-To/Ts)*(TL/(To-TL)) 
Q_in=Q_refrig/COP_max 


"Some Wrong Solutions with Common Mistakes:" 

W1_Qin=Q refrig “Taking COP = 1" 

W2_Qin=Q _refrig/COP2; COP2=TL/(Ts-TL) "Wrong COP expression" 

W3_Qin = Q_refrig/COP3; COP3=(1-To/Ts)*(Ts/(To-TL)) "Wrong COP expression, COP_HP" 
W4_Qin=Q _refrig‘ COP_max "Multiplying by COP instead of dividing" 
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11-146 Consider a refrigerator that operates on the vapor compression refrigeration cycle with R-134a as the working fluid. 
The refrigerant enters the compressor as saturated vapor at 160 kPa, and exits at 800 kPa and 50°C, and leaves the 
condenser as saturated liquid at 800 kPa. The coefficient of performance of this refrigerator is 


(a) 2.6 (b) 1.0 (c) 4.2 (d) 3.2 (e) 4.4 
Answer (d) 3.2 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1=160 "kPa" 
P2=800 "kPa" 

T2=50 "C" 

P3=P2 

P4=P1 
h1=ENTHALPY(R134a,x=1,P=P1) 
s1=ENTROPY(R134a,x=1,P=P1) 
h2=ENTHALPY(R134a,T=T2,P=P2) 
h3=ENTHALPY(R134a,x=0,P=P3) 
h4=h3 

COP_R=qL/Win 

Win=h2-h1 

qL=h1-h4 


"Some Wrong Solutions with Common Mistakes:" 

W1_COP = (h2-h3)/(h2-h1) "COP of heat pump" 

W2_COP = (h1-h4)/(h2-h3) "Using wrong enthalpies, QL/QH" 

W3_COP = (h1-h4)/(h2s-h1); h2s=ENTHALPY(R134a,s=s1,P=P2) "Assuming isentropic compression" 


11-147 --- 11-155 Design and Essay Problems 
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Partial Derivatives and Associated Relations 


12-1C For functions that depend on one variable, they are identical. For functions that depend on two or more variable, the 
partial differential represents the change in the function with one of the variables as the other variables are held constant. 
The ordinary differential for such functions represents the total change as a result of differential changes in all variables. 


12-2C (a) (ôx) = dx; (b) (0z),< dz; and (c) dz = (0z), + (Gz), 
12-3C Yes. 


12-4C Yes. 


12-5 Air at a specified temperature and specific volume is considered. The changes in pressure corresponding to a certain 
increase of different properties are to be determined. 


Assumptions Air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kPa:m*/kg-K (Table A-1). 
Analysis An ideal gas equation can be expressed as P = RT/v. Noting that R is a constant and P = P(T, v), 


a-(=) ar+(=) wa RIT _RTdv 
v T id v? 


(a) The change in T can be expressed as dT = AT = 300 x 0.01 = 3.0 K. At v= constant, 


3 
(aP), = RdT _ (0.287 kPa : m?/kg - K)(3.0 K) 


5 =0.7175 kPa 
v 1.2 m°/kg 


(b) The change in vcan be expressed as dv= Av= 1.2 x 0.01 = 0.012 m’/kg. At T= constant, 


RTdv (0.287 kPa- m3/kg - K)(300 K)(0.012 m3/kg) _ 
2 


—0.7175 kPa 
V (1.2 m3/kg)? 


(aP); 


(c) When both vand T increases by 1%, the change in P becomes 
dP = (dP), + (dP), = 0.7175 + (—0.7175)= 0 


Thus the changes in T and vbalance each other. 
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12-6 Helium at a specified temperature and specific volume is considered. The changes in pressure corresponding to a 
certain increase of different properties are to be determined. 


Assumptions Helium is an ideal gas 
Properties The gas constant of helium is R = 2.0769 kPa-m’/kg:K (Table A-1). 
Analysis An ideal gas equation can be expressed as P = RT/v. Noting that R is a constant and P = P(T, v ), 


ar-(=) ara| Z) qy- RIT _RTAV 
oT v ðv T Y v? 


(a) The change in T can be expressed as dT = AT = 300 x 0.01 = 3.0 K. At v = constant, 


_ RdT _ (2.0769 kPa - m°/kg - K)(3.0 K) 


5 =5.192 kPa 
v 1.2 m°/kg 


(aP), 


(b) The change in vcan be expressed as dv= Av= 1.2 x 0.01 = 0.012 m*/kg. At T= constant, 


RTdv _ (2.0769 kPa -m/kg - K)(300 K)(0.012 m3) _ 
2 


a -5.192 kPa 
V (1.2 m`/kg) 


(aP); 


(c) When both vand T increases by 1%, the change in P becomes 
dP = (dP), + (dP)r = 5.192 + (-5.192) = 0 


Thus the changes in T and vbalance each other. 


12-7 Nitrogen gas at a specified state is considered. The c, and c, of the nitrogen are to be determined using Table A-18, 
and to be compared to the values listed in Table A-2b. 


Analysis The c, and c, of ideal gases depends on temperature only, and are expressed as c,(T) = dh(T)/dT and c 4T) = 
du(T)/dT. Approximating the differentials as differences about 400 K, the c, and c, values are determined to be 


„ano-(20) (st) 
# aT) 7490 K AT Jrz40K 


Cp 
h(410 K)—(390 K) A 
(410-390)K 
_ (11,932—11,347)/28.0 KJ/kg 
(410 -390)K 


=1.045 kJ/kg-K 


(Compare: Table A-2b at 400 K —> c, = 1.044 kJ/kg-K) 


T 
A (um) k (A) 
dT T=400 K AT )rz400K 
_ u(410 K)—u(390 K) 
(410-390)K 
= (852358, 104V28-0 kiks _ 9 749 kJikg:K 
(410—390)K 


(Compare: Table A-2b at 400 K > c,=0.747 kJ/kg-K) 
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12-8E Nitrogen gas at a specified state is considered. The c, and c, of the nitrogen are to be determined using Table A-18E, 
and to be compared to the values listed in Table A-2Eb. 


Analysis The c, and c, of ideal gases depends on temperature only, and are expressed as c,(7) = dh(T)/dT and c{T) = 
du(T)/dT. Approximating the differentials as differences about 600 R, the c, and c, values are determined to be 


a0) 7 (am 


c „(800 R) -( 
ý AT T=800 R 


T=800 R fi 

_ h(820 R)— h(780 R) 
(820 -780)R 

_ (5704.7 ~ 5424.2)/28.013 Btu/lbm _ 9 250 Btullbm.R 

(820 —780)R 


(Compare: Table A-2Eb at 800 R = 340°F — c, = 0.250 Btu/lbm-R ) 


am) i (2) 

aT AT T=800 R 

_ u(820 R)—u(780 R) 

~— (820-780)R 

~ 163—38752)28013 BO _9.479 Brut: R 


c, (800 R) -( ~ 
T=800 R 


(Compare: Table A-2Eb at 800 R = 340°F > c,= 0.179 Btu/Ibm-R) 
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12-9 The state of an ideal gas is altered slightly. The change in the specific volume of the gas is to be determined using 
differential relations and the ideal-gas relation at each state. 


Assumptions The gas is air and air is an ideal gas. 
Properties The gas constant of air is R = 0.287 kPa:‘m*/kg-K (Table A-1). 
Analysis (a) The changes in T and P can be expressed as 

dT = AT =(404-400)K =4 K 

dP = AP = (96 —100)kPa = —4 kPa 


The ideal gas relation Pv= RT can be expressed as v= RT/P. Note that R is a constant and v = v (T, P). Applying the total 
differential relation and using average values for T and P, 


av (2) ara(2) qp Rat _ RTOP 
ôT jp aP); Pa Pe 


4K (402 K)(-4 kPa) 
98 kPa (98 kPa)? 


= (0.0117 m?/kg) + (0.04805 m?/kg) = 0.0598 m?/kg 


= (0.287 kPa aK 


(b) Using the ideal gas relation at each state, 


RT, _ (0.287 kPa-m*/kg - K)(400 K) 


v= =1.1480 m*/kg 
P 100 kPa 
RT. .287 kPa-m?/kg-K)(404 K 

E PN E E ke 
P, 96 kPa 


Thus, 
Av =v, -v = 1.2078 -1.1480 = 0.0598 mĉIkg 


The two results are identical. 
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12-10 Using the equation of state P(v—a) = RT, the cyclic relation, and the reciprocity relation at constant vare to be 
verified. 


Analysis (a) This equation of state involves three variables P, v, and T. Any two of these can be taken as the independent 
variables, with the remaining one being the dependent variable. Replacing x, y, and z by P, v, and T, the cyclic relation can 
be expressed as 


(se) ar) Lan), 


where 
TE (=) -RT ae P 
v-a vjr (v-af v-a 
RT ov R 
v= +a = 
P oT), P 
T P(v-a) or v-a 
R aP), R 
Substituting, 


Baa (ae 


which is the desired result. 


(b) The reciprocity rule for this gas at v= constant can be expressed as 


(=) Sen l 
oT), (0T/OP), 
r- 2V- [Z) _ v-a 


R oP R 
RT (=) R 
P= =— 5 
v-a oT), v-a 


We observe that the first differential is the inverse of the second one. Thus the proof is complete. 
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12-11 It is to be proven for an ideal gas that the P = constant lines on a T- v diagram are straight lines and that the high 
pressure lines are steeper than the low-pressure lines. 


Analysis (a) For an ideal gas Pu= RT or T= PWR. Taking the partial derivative of T with respect to vholding P constant 


yields 
(2) -2 
Ov)p R 


which remains constant at P = constant. Thus the derivative 
(OT/Ov)p, which represents the slope of the P = const. lines on a T-v 
diagram, remains constant. That is, the P = const. lines are straight 
lines on a T-v diagram. 


T 


P = const 


(b) The slope of the P = const. lines on a T-v diagram is equal to P/R, 
which is proportional to P. Therefore, the high pressure lines are 
steeper than low pressure lines on the T-y diagram. 


12-12 A relation is to be derived for the slope of the v= constant lines on a T-P diagram for a gas that obeys the van der 
Waals equation of state. 


Analysis The van der Waals equation of state can be expressed as 


r=i( p+ |v-2) 


R v 


Taking the derivative of T with respect to P holding v constant, 


(=) -L (+0fv-r)= 


aP R 


which is the slope of the v= constant lines on a T-P diagram. 
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The Maxwell Relations 


12-13 The validity of the last Maxwell relation for refrigerant-134a at a specified state is to be verified. 


Analysis We do not have exact analytical property relations for refrigerant-134a, and thus we need to replace the 
differential quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the 


tables about the specified state, 
DAA 
@P jr OF } p 
(SP swe ar] 
AP }rsoxe LAT ) p-rooxpa 
É 900 kPa — $500 kPa | =| Yr0°c — 430°C | 
(900-500)kPa J e ( (70-30)°C J, 


(0.9660 —1.0309)kI/kg-K ? (0.036373 — 0.029966)m°/kg 


(900 — 500)kPa (70 — 30)°C 


~1.621x10~* m3/kg -K = -1.602 x10~* m?/kg -K 


since kJ = kPa-m?, and K = °C for temperature differences. Thus the last Maxwell relation is satisfied. 
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12-9 


EES 
12-14 Problem 12-13 is reconsidered. The validity of the last Maxwell relation for refrigerant 134a at the specified 
state is to be verified. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 

T=50 [C] 

P=700 [kPa] 
P_increment = 200 [kPa] 
T_increment = 20 [C] 
P[2]=P+P_increment 
P[1]=P-P_increment 
T[2]=T+T_increment 
T[1]=T-T_increment 


DELTAP = P[2}-P[1] 
DELTAT = T[2]-T[1] 


v[1]=volume(R134a, T=T[1],P=P) 
v[2]=volume(R134a, T=T[2],P=P) 
s[1]=entropy(R134a,T=T,P=P[1]) 
s[2]=entropy(R134a, T=T,P=P[2]) 


DELTAs=s|2] - s[1] 
DELTAv=v[2] - v[1] 


"The partial derivatives in the last Maxwell relation (Eq. 12-19) is associated with the Gibbs function and are 
approximated by the ratio of ordinary differentials:" 


LeftSide =DELTAs/DELTAP*Convert(kJ,m*3-kPa) "[m*3/kg-K]" "at T = Const." 
RightSide=-DELTAv/DELTAT "[m*3/kg-kK]" "at P = Const." 


SOLUTION 

DELTAP=400 [kPa] 
DELTAs=-0.06484 [kJ/kg-K] 
DELTAT=40 [C] 
DELTAv=0.006407 [m^3/kg] 
LeftSide=-0.0001621 [m*3/kg-K] 
P=700 [kPa] 

P[1]=500 [kPa] 

P[2]=900 [kPa] 
P_increment=200 [kPa] 
RightSide=-0.0001602 [m^3/kg-K] 
s[1]=1.0309 [kJ/kg-K] 
s[2]=0.9660 [kJ/kg-K] 

T=50 [C] 

T[1]=30 [C] 

T[2]=70 [C] 

T_increment=20 [C] 
v[1]=0.02997 [m*3/kg] 
v[2]=0.03637 [m*3/kg] 
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12-10 


12-15E The validity of the last Maxwell relation for steam at a specified state is to be verified. 


Analysis We do not have exact analytical property relations for steam, and thus we need to replace the differential 
quantities in the last Maxwell relation with the corresponding finite quantities. Using property values from the tables about 
the specified state, 


(3 ea 
AP T=800°F AT P=400psia 


Ae psia — $350 psia | a oe = V700°F | 

(450-350)psia J- sop | 000- 700)°F E 

(1.6706 —1.7009)Btu/Ibm-R ? (1.9777 —1.6507)ft°/lbm 
(450 -350)psia = (900 — 700)°F 


—1.639x107° ft?/Ibm-R = -1.635x107 ft? /Ilbm-R 


since 1 Btu = 5.4039 psia-ft*, and R = °F for temperature differences. Thus the fourth Maxwell relation is satisfied. 


12-16 Using the Maxwell relations, a relation for (Os/OP)r for a gas whose equation of state is P(“b) = RT is to be 
obtained. 


. . RT 
Analysis This equation of state can be expressed as v = T +b. Then, 


av) _R 
aT)» P 


From the fourth Maxwell relation, 


& = (= _ R 
OP Jy oT), P 


12-17 Using the Maxwell relations, a relation for (Os/OV); for a gas whose equation of state is (P-a/V)(“-b) = RT is to be 
obtained. 


RT 
Analysis This equation of state can be expressed as P = ook + Ka . Then, 


v— Vv 
GF) = 
oT), v-b 


From the third Maxwell relation, 


(=) (2) R 
dv), (ƏT), v-b 
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12-11 


12-18 Using the Maxwell relations and the ideal-gas equation of state, a relation for (Os/Ov); for an ideal gas is to be 


obtained. 


Analysis The ideal gas equation of state can be expressed as P = —. Then, 


v 
Tian 
oT), v 


From the third Maxwell relation, 


os\ (OP) R 
Ov), \OT), v 
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12-19 It is to be proven that E ae aE 
oT), k-1\3T); 


Analysis Using the definition of c,, 


oa Os) _ T os \ { OP 
oT); aP), ôT), 
Substituting the first Maxwell relation & = { =) ; 


or 
paik aE 
oT) T), 


Using the definition of c,, 


es -1( =) -7( =) (2) 
ôT)p \dv),\éer)> 


Substituting the second Maxwell relation (=) = (=) ; 
V)p s 


oT 


From Eq. 12-46, 


Also, 


Then, 


E ypu 
= alee 


Substituting this into the original equation in the problem statement produces 


(ar), er) (a) EG), 


But, according to the cyclic relation, the last three terms are equal to —1. Then, 


(or) G), 


12-12 
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12-20 It is to be shown how T, vy, u, a, and g could be evaluated from the thermodynamic function h = A(s, P). 


Analysis Forming the differential of the given expression for h produces 


an=[2) (2) ap 
Os jp aP), 


Solving the dh Gibbs equation gives 
dh = Tds + vdP 


Comparing the coefficient of these two expressions 
T= (2) 
Os ) p 
(a) 
v=| — 
aP), 
both of which can be evaluated for a given P and s. 


From the definition of the enthalpy, 


u=h-Pv= r Z) 
aP), 


Similarly, the definition of the Helmholtz function, 


a=u-Ts=h A2) {2) 
aP), Os jp 


while the definition of the Gibbs function gives 


q=h-Ts=h- Z) 
Os } p 


All of these can be evaluated for a given P and s and the fundamental A(s,P) equation. 


12-13 
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12-14 


The Clapeyron Equation 


12-21C It enables us to determine the enthalpy of vaporization from hy at a given temperature from the P, v, T data alone. 


12-22C It is assumed that Vg = V = RT/P, and hp = constant for small temperature intervals. 


12-23 Using the Clapeyron equation, the enthalpy of vaporization of steam at a specified pressure is to be estimated and to 
be compared to the tabulated data. 


Analysis From the Clapeyron equation, 


dP 
hy =TV | — 
Je Vf í P 


AP 
=T(V, -Vf )@300 wal 


ae kPa 


(325-275)kPa 


= Tyat@300 kPa (v, Ver ) @300 kPa T T 
sat@325 kPa ~ + sat@275 kPa 


kP 
= (133.52 + 273.15 K)(0.60582 — 0.001073 mo “ae 


(136.27 —130.58)°C 
= 2159.9 kJ/kg 


The tabulated value of hg at 300 kPa is 2163.5 kJ/kg. 


12-24 The hg and Sg of steam at a specified temperature are to be calculated using the Clapeyron equation and to be 
compared to the tabulated data. 


Analysis From the Clapeyron equation, 


AP 
=T(V, -v r) ae (=) 
f)@120°C 
AT sat,120°C 


Pratr@i2sec ~ Peat@iis°c | 


SER are 125°C -115°C 


232.23 —169.18)kP 
= (1204273.15 K(089133-0.001060 miko] Z e 8) =) 


= 2206.8 kJ/kg 


Ny 2206.8 kI/k 
Also, sg = = 2200-8 KIAS 56131 kJikg-K 
fT (120+273.15)K 


The tabulated values at 120°C are hy = 2202.1 kJ/kg and sg = 5.6013 kJ/kg-K. 
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12-15 


12-25E @® The hy of refrigerant-134a at a specified temperature is to be calculated using the Clapeyron equation and 
Clapeyron-Clausius equation and to be compared to the tabulated data. 


Analysis (a) From the Clapeyron equation, 


dP 
he =Tv,,| — 
Sg al al 


AP 
=T(v -¥awe| 2) 
= AT J sat, 10°F 


Paa 15°F 7 Peat @5°F 
=T(v, -v 5 - 
Vs Pa| 15°F — 5°F 


= (10 + 459.67 R\(1.7345 — 0.01201 ft3/Ibmy 22-799 = 23-793) psia 
10R 


= 482.6 psia- ft*/Ibm = 89.31 Btu/Ibm (0.1% error) 
since 1 Btu = 5.4039 psia-ft’. 


(b) From the Clapeyron-Clausius equation, 


uf 2 stef LL) 
P sat R Ti T sat 


23.793 psia \ _ l | 1 1 ) 
29.759 psia ) 0.01946 Btu/lbm -R (15 + 459.67 R 5+ 459.67 R 
h g =96.04 Btu/lbm (7.6% error) 


The tabulated value of hg at 10°F is 89.23 Btu/lbm. 
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12-16 


EES 
12-26 The enthalpy of vaporization of steam as a function of temperature using Clapeyron equation and steam data 
in EES is to be plotted. 


Analysis The enthalpy of vaporization is determined using Clapeyron equation from 


Tf Giapeyroù =T V fe AT 


At 100°C, for an increment of 5°C, we obtain 
T, =T —Tincrement = 100-5 = 95°C 

T =T +T ncrement = 100+5 =105°C 

P, = Pngoscc = 84.61kPa 

P, = Para 10sec = 120.90 kPa 

AT =T, -T, =105-—95 =10°C 

AP = P, — P, = 120.90 -84.61 = 36.29 kPa 
V r@ 100°C = 0.001043 m*/kg 
Ve@ 100c = 1.6720 m*/kg 


V g =V_ V; =1.6720-0.001043 = 1.6710 m*/kg 


Substituting, 


AP 36.29 kPa 
= Tv g — = (100+ 273.15 K)(1.6710 m*/kg) = aE 2262.8 kJ/kg 


Pe Clepevron AT = 1 


The enthalpy of vaporization from steam table is 


h ga 10c = 2256.4 m?/kg 


The percent error in using Clapeyron equation is 


PercentError = eee x100 = 0.28% 


2256.4 


We repeat the analysis over the temperature range 10 to 200°C using EES. Below, the copy of EES solution is provided: 


"Input Data:" 

"T=100" "[C]" 

T_increment = 5"[C]" 

T[2]=T+T_increment"[C]" 
T[1]=T-T_increment"[C]" 

P[1] = pressure(Steam_iapws, T=T[1],x=0)"[kPa]" 
P[2] = pressure(Steam_iapws, T=T[2],x=0)"[kPa]" 
DELTAP = P[2]-P[1]"[kPa]" 

DELTAT = T[2]-T[1]"[C]" 


v_f=volume(Steam_iapws, T=T,x=0)"[m*3/kg]" 
v_g=volume(Steam_iapws, T=T,x=1)"[m*3/kg]" 
h_f=enthalpy(Steam_iapws, T=T,x=0)"[kJ/kg]" 

h_g=enthalpy(Steam_iapws, T=T,x=1)"[kJ/kg]" 


h_fg=h_g - h_f"[kJ/kg-K]" 
v_fg=v_g - v_f"[m*3/kg]" 


"The Clapeyron equation (Eq. 11-22) provides a means to calculate the enthalpy of vaporization, h_fg at a given 
temperature by determining the slope of the saturation curve on a P-T diagram and the specific volume of the 
saturated liquid and satruated vapor at the temperature." 
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12-17 


h_fg_Clapeyron=(T+273.15)*v_fg*DELTAP/DELTAT*Convert(m*3-kPa,kJ)"[kJ/kg]" 
PercentError=ABS(h_fg_Clapeyron-h_fg)/h_fg*100"[%]" 


hig hig,Ciapeyron | PercentError T 
[kJ/kg] | [kJ/kg] [%] [C] 
2477.20 2508.09 1.247 10 
2429.82 2451.09 0.8756 30 
2381.95 2396.69 0.6188 50 
2333.04 2343.47 0.4469 70 
2282.51 2290.07 0.3311 90 
2229.68 2235.25 0.25 110 
2173.73 2177.86 0.1903 130 
2113.77 2116.84 0.1454 150 
2014.17 2016.15 0.09829 180 
1899.67 1900.98 0.06915 210 
1765.50 1766.38 0.05015 240 


DDN 
2300- ps 
| hfg calculated by a 
e 
= D 


2100} ° 


hig [kJ/kg] 


0 50 100 150 
T [C] 
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12-27E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The boiling temperature of this substance at a different pressure is to be estimated. 


Analysis From the Clapeyron equation, 


404 psia - ft? ight 
,, 250 Baf 40tpsa (0.5 Ibm) EE 
u 
(=) = ie ; = 1.896 psia/R 
AT J Ty (475 R)(1.5 ft? )/(0.5 Ibm) 
50 psi 
Using the finite difference approximation, ieee Q 
> 2 A) 0.5 Ibm 
z Sat. vapor 
dT ) cat T, -T bs 
Solving for Tz, 
P, —P, — i 
Ty =q +25 2 475R + OOPS _ 480.3R 


dP/dT 1.896 psia/R 


12-28E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The saturation pressure of this substance at a different temperature is to be estimated. 


Analysis From the Clapeyron equation, 
5.404 psia - ft? 
Z) h g 1Btu 

dT) a Tvg (475 RX(1.5 ft? )/(0.5 Ibm) 


Weight 


(250 Buf Jos Ibm) 


= 1.896 psia/R 


50 psia 
10°F 
0.5 Ibm 

Sat. vapor 


Using the finite difference approximation, 


(2) (2) 
dT sat T, -T, sat 


Solving for P», 


iP : 
P, =P, + Zo, -T,) = 50 psia + (1.896 psia/R )(470 — 475)R = 40.52 psia 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


12-19 


12-29E A substance is cooled in a piston-cylinder device until it turns from saturated vapor to saturated liquid at a constant 
pressure and temperature. The sg of this substance at the given temperature is to be estimated. 


Analysis From the Clapeyron equation, Weight 
(2) B Sie. 
dja IVg Vg 
; 50 psia 
Solving for Sp, ieee o 
hy _ (250 Btu)/(0.5 Ib 0.5 Ibm 
7 -£ eoa ™) L 1,053 Btullbm-R Spe 
Alternatively, 


=> =1.053 Btu/lbm-R 
dT 


3 
S ie -(2) v g = (1.896 psia/R) +2 Ë l ee 
sat 


0.5 Ibm | 5.404 psia - ft? 


12-30E Saturation properties for R-134a at a specified temperature are given. The saturation pressure is to be estimated at 
two different temperatures. 


Analysis From the Clapeyron equation, 


(=) Aj 90.886 Btu/Ibm an 
sat 


= A = 0.4979 psia/R 
dT TV (460 R)(2.1446 ft? /Ibm) 1 Btu 


Using the finite difference approximation, 


(z) (2) 
dT sat T, -T, at 


Solving for P3 at —15°F 


P, =P, + £ (T, —T,) =21.185 psia + (0.4979 psia/R)(445 — 460)R = 13.72 psia 


Solving for P3 at -30°F 


P, =P, + Za, -T,)=21.185 psia + (0.4979 psia/R)(430 — 460)R = 6.25 psia 
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12-31E A table of properties for methyl chloride is given. The saturation pressure is to be estimated at two different 
temperatures. 


Analysis The Clapeyron equation is 


(2) n h jg 
dT ) a TV yz 


Using the finite difference approximation, 


(=) {2 -P ) _ hg 
dT sat T, -T sat TV jg 


Solving this for the second pressure gives for T, = 110°F 


h, 
P =ħP+ £ (7, -7)) 
Vf 
3 
errs: 154.85 ae 5.404 psia - ft (110-100)R 
(560 R)(0.86332 ft” /Ibm) 1Btu 
= 134.0 psia 


When T, = 90°F 


h 
P, a eos (T, -T,) 
V fe 


= 116.7 psia + 


154.85 Btu/lbm Gs psia- ft? 


(90—100)R 
(560 R)(0.86332 ft*/Ibm) 1 Btu ) 


= 99.4 psia 
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12-21 

O(h jz /T) ôP 

12-32 It is to be shown that c, , -c, » =T —=— | +v, —] . 
PE “PS l ôT n Je i z) 
Analysis The definition of specific heat and Clapeyron equation are 
o (a 
P? NOEs 

í dP ) = A fe 
AL Jag TV 


According to the definition of the enthalpy of vaporization, 


Ge tae 
T T F 


Differentiating this expression gives 


(27) (22) ES 

ar Ja aT Jj (êT J); 
ea he (| R 
T| êT), T? T| Tj, T? 


Cpg pf he —hy 


T T T? 


Using Clasius-Clapeyron to replace the last term of this expression and solving for the specific heat difference gives 


O(h g /T) ôP 
Cpg Eps = | ar $ TU iy (2) 
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General Relations for du, dh, ds, c,, and cp 


12-33C Yes, through the relation 


ô 2 
oP A Or jp 


12-34E The specific heat difference c, — c, for liquid water at 1000 psia and 300°F is to be estimated. 


Analysis The specific heat difference c, — cy is given as 


2 
TEA (2) (=) 
OT ) p\. vjr 


Approximating differentials by differences about the specified state, 


2 
A AP 
AT J p-1000psia AY / T=300°F 


2 
V35 5067 — V9750 1500 — 500)psi 
=~(300 + 459.67 onr) l ( )psia | 
P=1000psia T=300°F 


(325 — 275)°F Visoopsia ~ V500psia 


2 
eer Se 1000 psia | 


50 R (0.017345 — 0.017417)ft? Ibm 
= 0.986 psia - ft?/Ibm-R 
= 0.183 Btu/Ibm -R (1 Btu = 5.4039 psia - ft?) 


Properties are obtained from Table A-7E. 
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12-23 


12-35 The volume expansivity 2 and the isothermal compressibility a of refrigerant-134a at 200 kPa and 30°C are to be 
estimated. 


Analysis The volume expansivity and isothermal compressibility are expressed as 


O atin 
V\ OT) p Vv\ OP) 


Approximating differentials by differences about the specified state, 


pt2) id k e) 
Y\AT /pzzoxpa V| (40-20)C ) soup 


E 1 (0.12322 —0.11418)m?/kg 
0.11874 m*/kg 20K 
= 0.00381 K * 


and 


P 1 (2) 1 ben — VigoKPa | 
VAP Jre v| (240-180)kPa J c 
1 (0.09812 -0.13248)m?/kg 
-0.11874 m/kg l 60 kPa | 


= 0.00482 kPa ! 
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12-24 
12-36 The internal energy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 
Properties For air at the average temperature (20+300)/2=160°C=433 K, cy= 0.731 kJ/kg-K (Table A-25). 
Analysis Solving the equation of state for P gives 


RT 


v-a 


CEN _ R 
oT), v-a 


Using equation 12-29, 


iu=cyarsl {S| -Plav 
ôT), 


Substituting, 


P= 


Then, 


au = cl + sie pees Jav 


v-a v-a 
=c dT 
Integrating this result between the two states with constant specific heats gives 


Uy —u; = c, (T -T,) = (0.731 kJ/kg -K)(300 - 20)K = 205 kJ/kg 


The ideal gas model for the air gives 
du=c,dT 


which gives the same answer. 
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12-25 
12-37 The enthalpy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 
Properties For air at the average temperature (20+300)/2=160°C=433 K, c, = 1.018 kJ/kg-K (Table A-25). 


Analysis Solving the equation of state for v gives 
v =— +a 
Then, 
ov\ R 
oT), P 


Using equation 12-35, 


dh=c,dT soa) |e 
P 


Substituting, 


=c,dT +adP 


Integrating this result between the two states with constant specific heats gives 
h, -h =c, (1, -T,)+a(P, - P) 
= (1.018 kJ/kg - K)(300 — 20)K + (0.01 m?/kg)(600 — 100)kPa 
= 290.0 kJ/kg 


For an ideal gas, 
dh=c „dT 


which when integrated gives 


hy — h, =c „(T — T,) = (1.018 kJ/kg - K)(300 — 20)K = 285.0 kJ/kg 
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12-26 
12-38 The entropy change of air between two specified states is to be compared for two equations of states. 
Assumptions Constant specific heats for air can be used. 


Properties For air at the average temperature (20+300)/2=160°C=433 K, c, = 1.018 kJ/kg-K (Table A-2b) and R = 0.287 
kJ/kg-K (Table A-1). 


Analysis Solving the equation of state for v gives 
v =— +a 
Then, 
ov\ R 
OT )p P 


The entropy differential is 


E or 
dT dP 

=C — — y 
YT P 


which is the same as that of an ideal gas. Integrating this result between the two states with constant specific heats gives 


T. P. 
Sy —8, =c, In 2 Rin 
1 1 

573K 600 kPa 


— (0.287 kJ/kg- K)In 
293K 100 kPa 


= (1.018 kJ/kg: K)In 
= 0.1686 kJ/kg -K 
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12-27 
12-39 The internal energy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c,= 3.1156 kJ/kg-K (Table A-2a). 
Analysis Solving the equation of state for P gives 


RT 


v-a 


OB | R 
oT), v-a 


Using equation 12-29, 


du = coir ol {S| -Pv 


P= 


Then, 


OT 
Substituting, 
RT RT 
du=c,dT +( -= Jaw 
v-a v-a 


=c dT 
Integrating this result between the two states gives 


Uy —u; = c, (Ty -T;) = 3.1156 kJ/kg -K)(300 —20)K = 872.4 kJIkg 


The ideal gas model for the helium gives 
du=c,dT 


which gives the same answer. 
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12-28 
12-40 The enthalpy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c, = 5.1926 kJ/kg-K (Table A-2a). 


Analysis Solving the equation of state for v gives 


RT 
v=—+a 
P 
Then, 
av) _R 
oT), P 


Using equation 12-35, 


dh=c „dT + v1 2) dP 
i OT jp 


Substituting, 
RT RT 
dh = ett +a -ur 
P P 
= c,dT +adP 


Integrating this result between the two states gives 
h, -h =c, -T,)+a(P, -P) 
= (5.1926 kJ/kg - K)(300 — 20)K + (0.01 m3/kg)(600 — 100)kPa 
=1459 kJ/kg 


For an ideal gas, 


dh=c,dT 


which when integrated gives 


hy -h =c (T, —T,) = (5.1926 kJ/kg - K)(300 — 20)K = 1454 kJ/kg 
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12-29 
12-41 The entropy change of helium between two specified states is to be compared for two equations of states. 
Properties For helium, c, = 5.1926 kJ/kg-K and R = 2.0769 kJ/kg-K (Table A-2a). 


Analysis Solving the equation of state for v gives 


RT 
v=—+a 
P 
Then, 
av) _R 
oT), P 


The entropy differential is 


p oT 
zoe WT gh 
T P 


= (5.1926 kJ/kg- K)ln ° z K 600 kPa 


- (2.0769 kJ/kg - K)ln 
3K 100 kPa 


= —0.2386 kJ/kg -K 
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12-30 


12-42 General expressions for Au, Ah, and As for a gas whose equation of state is P(“a) = RT for an isothermal process are 


to be derived. 


Analysis (a) A relation for Au is obtained from the general relation 


T Vz 
Au =u) -um =| cydT + | Z) -P ht 
T vi v 


The equation of state for the specified gas can be expressed as 


pat (=) R 
v-a oT), v-a 
Thus, 
(Z) E E sh 
oT); v-a 
Ty 
Substituting, Au = f c,dT 
T 


1 


(b) A relation for Ah is obtained from the general relation 


fi P, 
Ah=h,—h, = I cpdT + f e-{2) }e 
1 1 P 


The equation of state for the specified gas can be expressed as 


RT (=) R 
v= +a > = 
aT), P 


v-1[) =v rŽ=v (v-a)=a 


Substituting, 
ael earn ae eaP] 
=| è +| adP=| c +alP, — 
i k l, end ore 


(c) A relation for As is obtained from the general relation 


D C P. 
As=s,-s, =|" ? aT p AE 
7 T P\OT jp 
Substituting (0W7)p = RIT, 
T, € P T, € P 
As = ‘Srar- f’) dP = | ° dT - Rin = 
T T R \Pjp T P, 


For an isothermal process dT = 0 and these relations reduce to 


P. 
Au=0, Ah=a(P,-P,), and As =—RIn=- 
1 
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12-43 General expressions for (Ou/OP);7 and (Oh/Ov); in terms of P, v, and T only are to be derived. 


Analysis The general relation for du is 


uzesar (2) -P ht 
oT}, 


Differentiating each term in this equation with respect to P at T = constant yields 


(24) -E -»|%) =1( 2) (4) e, 


Using the properties P, T, v, the cyclic relation can be expressed as 


ee te a a ee) 


Substituting, we get 


($) --1F), A$), 


The general relation for dh is 


dh=c dT +|v-T ld dP 
4 ôT jp 


Differentiating each term in this equation with respect to vat T = constant yields 


(2) e) aE, 


Using the properties v, T, P, the cyclic relation can be expressed as 


ræ), 1 Cae) (20), Cae) 


Substituting, we get 


(2) (Z) (Z) 
—| =y —| +T — 
vjr vjr oP}, 
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12-32 


12-44 It is to be shown that c, «=1[ 2) (2) 5 
v oT P. 


Analysis We begin by taking the entropy to be a function of specific volume and temperature. The differential of the 
entropy is then 


Substituting (=) = a from Eq. 12-28 and the third Maxwell equation changes this to 


Vv 


ds =<“ aT + oe dv 
T ôT); 


Taking the entropy to be a function of pressure and temperature, 


c 
Combining this result with (=) = E from Eq. 12-34 and the fourth Maxwell equation produces 
P 


Equating the two previous ds expressions and solving the result for the specific heat difference, 


(c, —¢, HdT =T w dP+ ce dv 
ý ôT jp ôT), 


Taking the pressure to be a function of temperature and volume, 


When this is substituted into the previous expression, the result is 


(c -epar =r 2) (=) a aT (= (=) (=) P 
p OT ) p\ ôT); OT ) p\ dv ),\ OT ), 


According to the cyclic relation, the term in the bracket is zero. Then, canceling the common dT term, 


(=) (2) 
Gp =e ET 
oT) \ OF ) p 
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12-33 
12-45 It is to be proven that the definition for temperature T = (ôu / ðs), reduces the net entropy change of two constant- 
volume systems filled with simple compressible substances to zero as the two systems approach thermal equilibrium. 
Analysis The two constant-volume systems form an isolated system shown here 


For the isolated system 


dS iot =AS, +dS_ 20 
Assume S = S(u, v) Isolated 
system 
Then, boundary 


w-(2) auaf 2) dv 
ou), ov), 


Since v = const. and dv=0, 


ds -(2) du 
ou), 


and from the definition of temperature from the problem statement, 


du _ du 
(Ou/os), T 
Then, 
dS io = M4 ae +Mp aus 
T4 Tg 


The first law applied to the isolated system yields 
Ein ~ E out = dU 
0 = dU —~> m ,du 4 +m gdu g = 0—— mgdu g =-m du 4 


Now, the entropy change may be expressed as 


1 1 - 
dS =m 4du 4] —-— |=m ,du | —— 
sai e mail 

As the two systems approach thermal equilibrium, 


lim dS, =0 
T, >T} 
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12-34 
12-46 An expression for the volume expansivity of a substance whose equation of state is P(v—a) = RT is to be derived. 


Analysis Solving the equation of state for v gives 


RT 
v=— +a 
P 


The specific volume derivative is then 


(=) _R 
ôT)p P 


The definition for volume expansivity is 


1/ ov 
V\ OT )p 
Combining these two equations gives 


R 


B= RT rap 


12-47 An expression for the specific heat difference of a substance whose equation of state is P(v —a) = RT is to be 


derived. 


Analysis The specific heat difference is expressed by 


2 
ee (2) (=) 
OT ) p\ Ou) > 


Solving the equation of state for specific volume, 


v=—+a 


The specific volume derivatives are then 
ov) _ RT (ar) _ P? 
OP Ye, P? Ov), RT 


E 
ôTjp P 


Substituting, 
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12-35 


12-48 An expression for the isothermal compressibility of a substance whose equation of state is P(v—a) = RT is to be 
derived. 


Analysis The definition for the isothermal compressibility is 


Solving the equation of state for specific volume, 


RT 
v =— +a 
P 


The specific volume derivative is then 
OO) ea 
OP Je. P? 
Substituting these into the isothermal compressibility equation gives 


Pee 25 Pe i A 
P? (RT +aP) P(RT +aP) 


RT a 


12-49 An expression for the isothermal compressibility of a substance whose equation of state is P = = 
v-b v(v+b)T 


is to be derived. 


Analysis The definition for the isothermal compressibility is 


The derivative is 


(2) - RT a 2w+b 
T 


+ 
ov (v—b)? T"? v?(v+b)* 
Substituting, 
I A ENE l es 
© Vl6P J, v RT a wtb | RTv a 2v+b 


+ + 
(v-b) T"? v’ (v+b) (v—b)? T? (v+b)? 
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12-36 


. se . ; RT a ; 
12-50 An expression for the volume expansivity of a substance whose equation of state is P = is to be 


v-b vy(v+b)T"? 


derived. 


Analysis The definition for volume expansivity is 


7 1( ov 
ao! 


According to the cyclic relation, 


(a) or), ae), 


which on rearrangement becomes 


o E 
E 


Proceeding to perform the differentiations gives 


iae 
OT), vV-b 2w(v+b)T?”? 


(=) BES aS.) A 1 
dv),  (v-b)? bT!? |v? (w+)? 


RT a _w+b 
(v-b)? T!? v?(v+b)? 


and 


Substituting these results into the definition of the volume expansivity produces 
R a 
j 3/2 
B- 1 v-b 2v(v+b)T 
=v -RT a w+b 


+ 
(v-b)? T"? v?(v+b)? 
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12-37 


RT a 


= ae is to be derived. 
v- vT 


12-51 An expression for the volume expansivity of a substance whose equation of state is P = 


Analysis The definition for volume expansivity is 


_ 1( ov 
7 (F), 


According to the cyclic relation, 


(e)a) 


which on rearrangement becomes 
(ar) 
(=) sa NOT Jy 
Te (a 
ôv jr 


Proceeding to perform the differentiations gives 


(=) R 2 
OT v v—b v?T? 


(=) _ RT 2a 
dv), (v-b)? oT 


Substituting these results into the definition of the volume expansivity produces 


and 


R i a 
1 v—b vT? 
v -RT 2a 
(v—b)? wT 
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12-52 It is to be shown that 2 = of =) i 
ôT); 


Analysis The definition for the volume expansivity is 


7 1/ ov 
far). 


The definition for the isothermal compressibility is 


According to the cyclic relation, 


(e)a, 


which on rearrangement becomes 


(ar), a, r), 


When this is substituted into the definition of the volume expansivity, the result is 


eE 
— vlaP),lar), 


12-38 
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12-39 
Cc 
12-53 It is to be demonstrated that k = —— = oe 


cy  (av/aP), ` 


Analysis The relations for entropy differential are 


For fixed s, these basic equations reduce to 


dT oP 
Cy —=47—| dv 
T oT), 
T 
pee | ae 
T OT ) p 
Also, when s is fixed, 
ov _(av 
OP P), 
Forming the specific heat ratio from these expressions gives 
at) Lar) 
OT ) p\ OP), 
a) 
aP), 
The cyclic relation is 
(=) (2) (Z) 
OT J p\ V j r\ OP 
Solving this for the numerator of the specific heat ratio expression and substituting the result into this numerator produces 
(=) 
p oP T _ Va 
av) (av 
oP Ss oP AY 


=-] 


v 
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12-40 


s T T T A 
12-54 The Helmholtz function of a substance has the form a = -RT In——~cT, 0 í 7 + 7 In 7 l . It is to be shown how 
Yo o 40 0 


to obtain P, A, s, c,, and c, from this expression. 


Analysis Taking the Helmholtz function to be a function of temperature and specific volume yields 


while the applicable Helmholtz equation is 
da = -Pdv — sdT 


Equating the coefficients of the two results produces 


P= {= 
Ov)» 
Oa 
s=-|— 
oT}, 
Taking the indicated partial derivatives of the Helmholtz function given in the problem statement reduces these expressions 


to 


v 
s=Rin +cln 
Vo 0 


The definition of the enthalpy (h = u + Pv) and Helmholtz function (a = u-Ts) may be combined to give 


h=u+Pv 
=a+Ts+Pv 
Egat Ca E Ca 
oT), vjr 
=-RT n£ enfi EAN Pe erin -ernt srr 
Vo To To 0 Vo To 
=cT) +cT + RT 


According to 2a =u given in the text (Eq. 12-28), 
oT), T 


cy =T o; 2 oe 
ôT); T 


The preceding expression for the temperature indicates that the equation of state for the substance is the same as that of an 
ideal gas. Then, 


Cp =R+c, =R+c 
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12-41 


The Joule-Thomson Coefficient 


12-55C It represents the variation of temperature with pressure during a throttling process. 


12-56C The line that passes through the peak points of the constant enthalpy lines on a T-P diagram is called the inversion 
line. The maximum inversion temperature is the highest temperature a fluid can be cooled by throttling. 


12-57C No. The temperature may even increase as a result of throttling. 
12-58C Yes. 


12-59C No. Helium is an ideal gas and h = A(T) for ideal gases. Therefore, the temperature of an ideal gas remains 
constant during a throttling (A = constant) process. 


12-60E @® The Joule-Thompson coefficient of nitrogen at two states is to be estimated. 


Analysis (a) The enthalpy of nitrogen at 120 psia and 350 R is, from EES, / = 84.88 Btu/lbm. Approximating differentials 
by differences about the specified state, the Joule-Thomson coefficient is expressed as 


u-(¥} (3) 
oP h AP h=84.88 Btu/Ibm 


Considering a throttling process from 130 psia to 110 psia at h = 84.88 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


_ Tito psia ~ Ti30 psia 
(110-130) psia 


_ (349.40 — 350.60) R 
(110-130) psia 


| = 0.0599 R/psia 
h=84.88 Btu/Ibm 


(b) The enthalpy of nitrogen at 1200 psia and 700 R is, from EES, h = 170.14 Btu/Ibm. Approximating differentials by 
differences about the specified state, the Joule-Thomson coefficient is expressed as 


(2) (42) 
P h AP h=170.14Btu/lbm 


Considering a throttling process from 1210 psia to 1190 psia at h = 170.14 Btu/lbm, the Joule-Thomson coefficient is 
determined to be 


(Fae - Ti210psia _ (699.91 — 700.09) R 


(1190-1210) psia 


= 0.00929 R/psia 


(1190 — 1210) psia J Btu/Ibm 
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12-42 


> 
12-61E Problem 12-60E is reconsidered. The Joule-Thompson coefficient for nitrogen over the pressure range 100 
to 1500 psia at the enthalpy values 100, 175, and 225 Btu/lbm is to be plotted. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


Gas$ = ‘Nitrogen’ 

{P_ref=120 [psia] 

T_ref=350 [R] 

P= P_ref} 

h=100 [Btu/lbm] 

{h=enthalpy(Gas$, T=T_ref, P=P_ref)} 
dP = 10 [psia] 

T = temperature(Gas$, P=P, h=h) 

P[1] = P + dP 

P[2] = P - dP 

T[1] = temperature(Gas$, P=P[1], h=h) 
T[2] = temperature(Gas$, P=P[2], h=h) 
Mu = DELTAT/DELTAP "Approximate the differential by differences about the state at h=const." 
DELTAT=T[2]-T[1] 

DELTAP=P[2]-P[1] 


h = 225 Btu/Ibm 


P [psia] u [R/psia] 0.05 — 
100 0.004573 0.045 
275 0.00417 doa 
450 0.003781 | 
625 0.003405 0.035 Btu/lbm | 
800 0.003041 S 0.03 : 
975 0.002688 g dae 
1150 0.002347 a 
1325 0.002015 3 0.02 
1500 oa oo h=175 Btullbm 
0o a aa eg | 
300E h=225 Btu/lbm 


o 200 400 600 800 1000 1200 1400 1600 
P [psia] 


12-62 Steam is throttled slightly from 1 MPa and 300°C. It is to be determined if the temperature of the steam will increase, 
decrease, or remain the same during this process. 


Analysis The enthalpy of steam at 1 MPa and T = 300°C is A = 3051.6 kJ/kg. Now consider a throttling process from this 

state to 0.8 MPa, which is the next lowest pressure listed in the tables. The temperature of the steam at the end of this 

throttling process will be 
P=0.8 MPa 


T, = 297.52°C 
h =3051.6 kJ/kg 


Therefore, the temperature will decrease. 
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12-43 
12-63E The Joule-Thomson coefficient of refrigerant-134a at a given state is to be estimated. 


Analysis The Joule-Thomson coefficient is defined as 


(=) 
Ye), 


We use a finite difference approximation as 


T, -T 
P-P; 


He (at constant enthalpy) 


At the given state (we call it state 1), the enthalpy of R-134a is 


P, =40 psia 


h, =113.79 Btu/lbm (Table A -13E) 
T, = 60°F 


The second state will be selected for a pressure of 30 psia. At this pressure and the same enthalpy, we have 


P, =30 psia 


T, =56.78°F (Table A -13E) 
hy =h, =113.79 kJ/kg 


Substituting, 


T, -T, -= 
uz = -~ 6678- 60R _ 9 399 Ripsia 
P,-P, (30-40)psia 


12-64 The Joule-Thomson coefficient of refrigerant-134a at a given state is to be estimated. 


Analysis The Joule-Thomson coefficient is defined as 


-(2) 
P aP), 
We use a finite difference approximation as 
Ti -7 
= at constant enthal 
HED Pe ( py) 


At the given state (we call it state 1), the enthalpy of R-134a is 


P, =200kPa 


hi =333.93kJ/kg (Table A - 13) 
T, =90°C 


The second state will be selected for a pressure of 180 kPa. At this pressure and the same enthalpy, we have 


P, =180 kPa 


T, =89.78°C (Table A -13) 
hy = h, =333.93 kJ/kg 


Substituting, 


uz T -1 _ (89.78-90K 0.0110 KIkPa 
P,—P, (180-200)kPa 
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12-44 


; ae RT bP i ENE : 
12-65 The equation of state of a gas is given by v= or: = . An equation for the Joule-Thomson coefficient inversion 
T 


line using this equation is to be derived. 


Analysis From Eq. 12-52 of the text, 


"OR 


When u = 0 as it does on the inversion line, this equation becomes 


OR 
ôT jp 


Using the equation of state to evaluate the partial derivative, 


ðv R bP 
= =—+2— 
2) hy eee P T? 
Substituting this result into the previous expression produces 


RT „bP RT bP bP 
P A aa i T? 


The condition along the inversion line is then 


P=0 


2 
RS T 
12-66 It is to be demonstrated that the Joule-Thomson coefficient is given by u = z(a ; ; 
Cy P 


Analysis From Eq. 12-52 of the text, 
Cp = 2 T (= -v 
u| \ôT/p 
Expanding the partial derivative of WT produces 
(2) -3(S) ame 
OF Jee TROL I) T? 


When this is multiplied by 7°, the right-hand side becomes the same as the bracketed quantity above. Then, 


-2> (aia) 


c, OT 
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12-67 The most general equation of state for which the Joule-Thomson coefficient is always zero is to be determined. 


Analysis From Eq. 12-52 of the text, 


ice 


When u = 0, this equation becomes 


GANE 
Che T 


This can only be satisfied by an equation of state of the form 


Vv 


Z= (P) 


where AP) is an arbitrary function of the pressure. 


12-45 
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12-46 
The dh, du, and ds of Real Gases 


12-68C It is the variation of enthalpy with pressure at a fixed temperature. 


12-69C As Px approaches zero, the gas approaches ideal gas behavior. As a result, the deviation from ideal gas behavior 
diminishes. 


12-70C So that a single chart can be used for all gases instead of a single particular gas. 


12-71 The errors involved in the enthalpy and internal energy of CO, at 350 K and 10 MPa if it is assumed to be an ideal 
gas are to be determined. 


Analysis (a) The enthalpy departure of CO, at the specified state is determined from the generalized chart to be (Fig. A-29) 


| ee ae -L 
a Tx 304.2 E (hideat — 2) 7,p 15 
eee aaa f RTs CO, 
RO P 739 ` 350 K 
10 MPa 
Thus, 
h = hasa -Zp R, Ta =11,351- [(1.5X8.314X304.2)]= 7,557kJ/kmol 
and, 


(hisa =A) rp _ 11,351-7,557 
h 7,557 


Error = = 50.2% 


(b) At the calculated Tg and Pr the compressibility factor is determined from the compressibility chart to be Z = 0.65. 
Then using the definition of enthalpy, the internal energy is determined to be 
u =h- PU =h -ZRT = 7557 —|(0.65)(8.314\X350)| = 5,666kJ/kmol 
and, 
Uideat ZU _ 8,439 -— 5,666 
u 5,666 


= 48.9% 


Error = 
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12-47 


12-72 The enthalpy and entropy changes of nitrogen during a process are to be determined assuming ideal gas behavior and 
using generalized charts. 


Analysis (a) Using data from the ideal gas property table of nitrogen (Table A-18), 
(h, = hy Jideal = hz ideal E Mi ideal = 9306 — 6,537 = 2769 kJ/kmol 


and 


P. 
(5) -5 ia = 93-8; -R, a =193.562 —183.289- 8.314 <n = 4.510 kJ/kmol -K 
1 


(b) The enthalpy and entropy departures of nitrogen at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30) 


Pe) 99 
Ge Ses eee aes 
Tı 126.2 E g 
Be ie — > Z, =0.6and Z,, =0.25 
P,, = — =——=1.770 
P, 339 
and 
T: 2 
T= ra -42 2.536 
S —> Z, =0.4and Z, =0.15 
P 12 i 
Pr = —— = —— =2.540 
P, 339 
Substituting, 


hy -h = Rly (Zin —Z 2) + (hy — hy) ideal 
= (8.314)(126.2)(0.6 — 0.4) +2769 
= 2979 kJ/kmol 


S2 —5, = Ry (Zs —Z 52) + (52 = 51 ideal 
= (8.314)(0.25-0.15)+4.510 
= 5.341 kJ/kmol-K 
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12-48 


12-73E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 


Properties The properties of water are (Table A-1E) 
M =18.015 lbm/lbmol, 7,. =1164.8R, P, =3200 psia 
Analysis (a) The pressure of water vapor during this process is 
P, = Py = Peat @ soor = 680.56 psia 
Using data from the ideal gas property table of water vapor (Table A-23), 
(hy — hy )ideat = Pz ideat — "deat = 12,178.8 — 7738.0 = 4440.8 Btu/Ibmol 
and 
(Sy — 5) )ideat = S2 — S1 — R, in = 53.556 — 49.843 — 0 = 3.713 Btu/Ibmol-R 
1 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


OR. E A 
R1 u Ar a 
T.. 1164.8 
ef —> Z,, =0.340 and Z,, =0.277 
p aTi 68056 ijja 
RO p = 3200 ` 
and 
„T, _ 1460 _, 
RQ TS = 
T. 1164.8 
et —> Z, =0.157 and Z,, =0.0903 
piste 68086: ai 
R2 P 3200 ` 


The enthalpy and entropy changes per mole basis are 
hy hy =(ħ, hy) seat RT (Zn -Zm) 
= 4440.8 — (1.9858)(1 164.8)(0.157 — 0.340) = 4864 kJ/kmol 


S2 Sy mF (s52 Sy ) ideal R, (Zo E Za) 
= 3.713 — (1.9858)(0.0903 — 0.277) = 4.084 Btu/Ibmol - R 


The enthalpy and entropy changes per mass basis are 


_ fg —ħ _ _4864Bw/lbmol 270,0 Btu/lbm 
M 18.015 lbm/lbmol 
S2 — Sı _ 4.084 Btu/lbmol- K 
M 18.015 Ibm/lbmol 
(b) The inlet and exit state properties of water are 


T, =500°F) h =1202.3 Btu/lbm 
sı =1.4334 Btu/lbm-R 


hy -h 


= 0.2267 Btullbm-R 


Sy — 8) = 


(Table A-4E) 
Xi =1 


P, = 680.56 psia | h, =1515.7 Btu/lbm 
(from EES) 


T, =1000°F s, =1.7008 Btu/Ibm-R 


The enthalpy and entropy changes are 


hy — h, =1515.7 —- 1202.3 = 313.4 Btu/lbm 
s> — 8, =1.7008 — 1.4334 = 0.2674 Btullbm- R 
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12-74E The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 


Properties The properties of water are (Table A-1E) 
M =18.015 Ibm/Ilbmol, T., =1164.8R, P, = 3200 psia 


Analysis (a) Using data from the ideal gas property table of water vapor (Table A-23E), 


(hy hy Jideal hy ideal hy ideal — 12,178.8 — 17,032.5 = —4853.7 Btu/Ibmol 
and 


P. 
(55 -51 Jigal S53 -87 = R, In = = 53.556 —56.411-1.9858x In na = ~0.6734 Btu/Ibmol-R 


1 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


r fi _ 1960 _ 
RI Po 11648 ` z £ 
— Z,, =0.387 and Z,, =0.188 
i 22000 9.535% 
RI P, 3200 
and 
OT, 1460 | 
RE T She 
T 1164.8 
ér —> Z, =0.233 and Z,, =0.134 
p, -22 = 1000 _ 93195 
R? P 3200 ` 


The enthalpy and entropy changes per mole basis are 
h, z h = (hy > I )ideat ~R, Ta (Zn2 Zn) 
= —4853.7 — (1.9858)(1 164.8)(0.233 — 0.387) = —4497.5 Btu/lbmol 


S2751 = (s2 S1 ) ideal R, (Zs2 Zs) 
= —0.6734 — (1 .9858)(0.134— 0.188) = —0.5662 Btu/lbmol -R 


The enthalpy and entropy changes per mass basis are 


hy -M _ -4497.5 Btw/lbmol 349.7 Btullbm 
M 18.015 Ibm/lbmol 
5-5, _ -0.5662 Btu/lbmol-R _ 


s, -s= = P OTO T = -0.0314 Btu/lbm-R 
M 18.015 lbm/Ibmol 


(b) Using water tables (Table A-6E) 


hy -h = 


P, =3000 psia } h, =1764.6 Btu/lbm 
T, =1500°F | s, =1.6883 Btu/lbm-R 


P, =1000 psia | A, =1506.2 Btu/lbm 
T, =1000°F Sy = 1.6535 Btu/lbm-R 
The enthalpy and entropy changes are 


h, —h, =1506.2 -1764.6 = -258.4 Btullobm 
Sy — s1 =1.6535 -1.6883 = —0.0348 Btullbm-R 
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12-75 The enthalpy and entropy changes of water vapor during a change of state are to be determined using the departure 
charts and the property tables. 


Properties The properties of water are (Table A-1) 
M =18.015kg/kmol, T, =647.1K, P,, =22.06 MPa 


Analysis Using data from the ideal gas property table of water vapor (Table A-23), 


(hy —hy )ideat = 2,1deat ~ A1 idea] = 23,082 — 30,754 = -7672 kJ/kmol 


and 


P. 500 
S —5) igen) = 55 -s — R, In—- = 217.141-227.109 -8.314x In 
( 2 ideal 2 1 u P, 1000 


= —4.2052 kJ/kmol -K 


The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to be 
(Figs. A-29, A-30 or from EES) 


Thi L 
5 = =1. 
Ta 647. 
Bs i ——> Z„ =0.0288 and Z,, =0.0157 
Pri = — =~ = 0.0453 
, 22.06 
and 
— To: BJEN 1.040 
p ; 
Tą 647.1 
es Ha ——> Z, =0.0223 and Z,, =0.0146 
Pro = — = —— = 0.0227 
P,, 22.06 


The enthalpy and entropy changes per mole basis are 
h, -h z (hy — hy) deat ~R,T (Zaz Zm) 
= —7672 — (8.314)(647.1)(0.0223 — 0.0288) = -7637 kJ/kmol 


54-5) = (8. — 5) idea ~ Ry (Zs2 —Z 1) 
= —4,2052 — (8.314)(0.0146 — 0.0157) = —4.1961 kJ/kmol -K 


The enthalpy and entropy changes per mass basis are 


hy -h, _ —7637kJ/kmol _ 
M 18.015 kg/kmol 
5> -54 _ —4.1961kJ/kmol-K _ 


S2758] = = —_____—__ = -0.2329 kJ/kg -K 
M 18.015 kg/kmol 


hy -h = 


-423.9 kJ/kg 


The inlet and exit state properties of water vapor from Table A-6 are 


P, =1000 kPa | h, =3698.6 kJ/kg 
T,=600°C Í s; =8.0311 kJ/kg -K 


P, =500kPa | h, =3272.4 kJ/kg 
T, = 400°C Sa = 7.7956 kJ/kg- K 
The enthalpy and entropy changes are 


hy — h, =3272.4-3698.6 = -426.2 kJIkg 
55-5; = 7.7956 -8.0311 = -0.2355 kJ/kg -K 
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12-76 Methane is compressed adiabatically by a steady-flow compressor. The required power input to the compressor is to 
be determined using the generalized charts. 


Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 


Analysis The steady-flow energy balance equation for this compressor can be expressed as 


Èn -È 70 (steady) _ 0 


= AE system 
En = E out 
Wein + mh, = mh, 


Wein F (h, =h) 


out 


The enthalpy departures of CH, at the specified states are determined 
from the generalized charts to be (Fig. A-29) 


T, 
Ti anA ae 
Ta 191.1 
p “pn —> Z,, =0.075 
Pasa =0.172 
P, 4.64 
and 
T, 448 
Tp = —— =—— = 2.34 
R2 To 191.1 
—> Z =0.25 
P 6 
Pp, = =—— =1.29 
Thus, 
hy =h = RT (Zi) — Zz) + (h — A )ideal 
= (0.5182)(191.1)(0.075 — 0.25) + 2.2537(175 - (-10)) 
= 399.6 kJ/kg 
Substituting, 


Win = (0.2 kg/s\(399.6 kJ/kg) = 79.9 kW 
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12-77 Propane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for this 
compression is to be determined using the departure charts and treating the propane as an ideal gas with temperature 
variable specific heats. 
Properties The properties of propane are (Table A-1) 

M = 44.097 kg/kmol, R = 0.1885 kJ/kg -K, T., =370K, P, =4.26 MPa 
Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the entropy change equation is integrated with variable specific 
heats, it becomes 


2 z 7 MPa 
S> — 5; ); = aT—R, in 
( 2 1 ideal J T u P, i 
When the expression of Table A-2c is substituted for c, and the integration 
performed, we obtain Propane 
2 2 
Cc P. P 
(53 — 51 ideal =| P dT -R, n= =| ? į b+cT+dT? \dT-R, n= f 
ta ae P 
T, P. 750 kPa 
=aln— +b(T, -T,) + £ (T2 72) +T? TÈ) - R, n= 177°C 
T, 7 3 P, 
T. T. T. 2 T. 3 
0 =-4.04 In — + 30.48] —- - 4.50 |- 0.786] | —~ | - 4.507 |+ 0.01058 | —= | -= 4.50° 
450 100 100 100 
7000 


— (8.314) In -200 
CTA 50 


Solving this equation by EES or an iterative solution by hand gives 
T, =532K 
When en energy balance is applied to the compressor, it becomes 
2 2 
Wa = (F — F Jida = foer = fa +bT +cT? +dT°)dT 
1 1 


b c d 
=a(T, T)+ (T TOF U TENE TÅ) 


= —4.04(532 — 450) + 0.1524(532? — 4507) — 52.4(5.32° — 4.50?) + 0.7935(5.324 — 4.504) 


=9111kJ/kmol 
The work input per unit mass basis is 
ee Win _ 9111kJ/kmol -207 k3/kg 
M 44.097 kg/kmol 
The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 


from EES) 


T 
ge ei 200 2955 
T.,, 370 
P 0.5 —> Z„ =0.136 
Pp, =—=—— =0.176 
P, 4.26 
and 
T. 
y Laci 
T,, 370 
—> Z, =0.971 
el = 1.64 
R2 P 426 ` 


The work input (i.e., enthalpy change) is determined to be 
Win =h — hy = (h — My Jideat ~ RT (Zna — Zm) 
= 207 — (0.1885)(370)(0.971 — 0.136) 
=148 kJ/kg 
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12-78E Oxygen is to be adiabatically and reversibly expanded in a nozzle. The exit velocity is to be determined using the 
departure charts and treating the oxygen as an ideal gas with temperature variable specific heats. 


Properties The properties of oxygen are (Table A-1) 
M =31.999 Ibm/Ibmol, R = 0.06206 Btu/Ibm-R, 7, =278.6R, Px = 736 psia 


Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar entropy 
change between the inlet and exit is zero. From the entropy change equation for an ideal gas with variable specific heats: 


(s2 —51) ideal =0 
0 200 me ee 


P. 
s3-s? =R, In = = (1.9858) In 2 = -2.085 Btu/Ibmol-R 600°F o, 
$ ~Ofts > 


Then from Table A-19E, Lage 


T, =1060 R —> hy ica = 7543.6 Btu/Ibmol, s? = 53.921 Btu/lbmol-R 
s3 = s? — 2.085 = 53.921 — 2.085 = 51.836 Btu/Ibmol-R 
s3 = 51.836 Btu/Ibmol-R —> T, =802R, Ay jgeq) = 5614.1 Btu/Ibmol 


70 psia 


The enthalpy change per mole basis is 
(hy —hy deat = Az ideal — Mi deat = 5614.1-7543.6 = -1929.5 Btu/Ibmol 


The enthalpy change per mass basis is 


(iy -h iacat _ ~1929.5 Btu/Ibmol _ 


(hy =h Jisa = ———— = = - 60.30 Btu/Ibm 
M 31.999 Ibm/Ibmol 
An energy balance on the nozzle gives 
Ein = Bix, 


ti(h, +V° 12) = (h, + V7 /2) 
hy +V? /2=h, +Ve/2 


Solving for the exit velocity, 


0.5 
0.5 25,037 ft?/s? 
V, =V? +2(h, -h =| (0 ft/s)? + 2(60.30 Btu/lb 2 =1738 ftls 
y = [V2 +20, - nf? =| 0 fis)? +2 m| A | 


The enthalpy departures of oxygen at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 


T, 1060 Ta 802 


Tgi == = ——— =3.805 Tpm en = 2.879 
Ta 278.6 B T 278.6 B 
Z „ı = 0.000759 Z2 = 0.00894 
a _200_ oP 70 
Pp, =— =—— = 0.272 Pry = — = — = 0.0951 
Pa 736 Pa 736 


The enthalpy change is 
hy =h, = (h =h Jise ~ RT (Zr — Zn) 
= —60.30 Btu/lbm — (0.06206 Btu/lbm - R)(278.6 R)(0.00894 — 0.000759) 
= —60.44 Btu/lbm 


The exit velocity is 


0. 
0.5 25,037 ft?/s? 
V, =V? +2(h, -h =| (0 ft/s)? + 2(60.44 Btu/lb > =1740 ft/s 
, =è +20 - hf =] (ots)? +20 mf a ) 
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12-79 D Propane is compressed isothermally by a piston-cylinder device. The work done and the heat transfer are to be 
determined using the generalized charts. 


Assumptions 1 The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 


Analysis (a) The enthalpy departure and the compressibility factors of propane at the initial and the final states are 
determined from the generalized charts to be (Figs. A-29, A-15) 


Tr = M 24.08 
a ===. 
T,, 370 
= l —> Z, =0.28and Z, =0.92 
Pp, =—=—— = 0.235 
P, 4.26 
and Propane 
1 MPa 
Tis = = 11.008 100 °C 
S —> Z, =1.8and Z, =0.50 
P 4 
Pro =— = —— = 0.939 
P, 4.26 


cr 


Treating propane as a real gas with Zavg = (Z1+Z2)/2 = (0.92 + 0.50)/2 = 0.71, 
Pv = ZRT = Zw RT = C = constant 


avg 
Then the boundary work becomes 
Z RT/P, 


2 2 
Wp in =-[ Pav = f Cage Cln “2 = Z wg tt i ght In 
: 1 lv vi ZıRT/P ZP, 


= ~(0.71)(0.1885 kJ/kg -K)(373 K)in C500 =99.6 kJ/kg 


(0.92\4) 

Also, 

hy —hy = RT „(Zma —Z ya) + (h — Ay) ident = (0-1885X370\(0.28 -1.8)+ 0 = -106 kJ/kg 

u, -u = (hy —h,)—R(ZaT> —Z,T,) = -106 —(0.1885)|(0.5\373)—(0.92)(373)] = -76.5 kJ/kg 
Then the heat transfer for this process is determined from the closed system energy balance to be 

Ein ~ E out = AE system 
Jin + Wy in = AU =u, —Uy 

din = (Uy -u1 )—Wy in =—-76.5-99.6 =-176.1 kJ/kg —> doy, =176.1 kJ/kg 
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> 
12-80 Problem 12-79 is reconsidered. This problem is to be extended to compare the solutions based on the ideal gas 
assumption, generalized chart data and real fluid (EES) data. Also, the solution is to be extended to carbon dioxide, 
nitrogen and methane. 


Analysis The problem is solved using EES, and the solution is given below. 


Procedure INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 
If Name$='Propane' then 

T_critical=370 ; p_critical=4620 ; Fluid$='C3H8'; goto 10 
endif 
If Name$='Methane' then 

T_critical=191.1 ; p_critical=4640 ; Fluid$='CH4'; goto 10 
endif 
If Name$='Nitrogen' then 

T_critical=126.2 ; p_critical=3390 ; Fluid$='N2'; goto 10 
endif 
If Name$='Oxygen' then 

T_critical=154.8 ; p_critical=5080 ; Fluid$='02'; goto 10 
endif 
If Name$='CarbonDioxide' then 

T_critical=304.2 ; p_critical=7390 ; Fluid$='CO2' ; goto 10 
endif 
If Name$='n-Butane' then 

T_critical=425.2 ; p_critical=3800 ; Fluid$='C4H10' ; goto 10 
endif 


10: 
If T[1]<=T_critical then 
CALL ERROR('The supplied temperature must be greater than the critical temperature for the fluid. A value of 
XXXF 1 K was supplied’, T[1]) 
endif 


end 


{"Data from the Diagram Window" 
T[1]=100+273.15 

p[1]=1000 

p[2]=4000 

Name$='Propane' 

Fluid$='C3H8' } 


Call INFO(Name$, T[1] : Fluid$, T_critical, p_critical) 
R_u=8.314 

M=molarmass(Fluid$) 

R=R_u/M 


eer IDEAL GAS SOLUTION ******" 

"State 1" 

h_ideal[1]=enthalpy(Fluid$, T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], p=p[1]) "Entropy of ideal gas" 
u_ideal[1]=h_ideal[1]-R*T[1] "Internal energy of ideal gas" 
"State 2" 

h_ideal[2]=enthalpy(Fluid$, T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], p=p[2]) "Entropy of ideal gas" 
u_ideal[2]=h_ideal[2]-R*T[2] "Internal energy of ideal gas" 


"Work is the integral of p dv, which can be done analytically." 
w_ideal=R*T[1]*Ln(p[1]/p[2]) 
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"First Law - note that u_ideall[2] is equal to u_ideal[1]" 
q_ideal-w_ideal=u_ideal[2]-u_ideal|[1] 


"Entropy change" 
DELTAs_ideal=s_ideal[2]-s_ideal[1] 


“meee COMPRESSABILITY CHART SOLUTION ******" 

"State 1" 

Tr[1J=T[1]/T_critical 

pr[1]=p[1]/p_critical 

Z[1J]=COMPRESS(Tr[1], Pr[1]) 

DELTAh[1J=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 
u[1J=h[1]-Z[1]*R*T[1] 

"Internal energy of gas using charts" 
DELTAs[1J=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 
"State 2" 

T[2]=T[1] 

Tr[2]=Tr[1] 

pr[2]=p[2]/p_critical 

Z[2]=COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 
DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 


h[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 
s[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 
u[2]=h[2]-Z[2]*R*T[2] "Internal energy of gas using charts" 


"Work using charts - note use of EES integral function to evaluate the integral of p dv." 
w_chart=Integral(p,v,v[1],v[2]) 

"We need an equation to relate p and v in the above INTEGRAL function. 
p*v=COMPRESS(Tr[2],p/p_critical)*R*T[1] "To specify relationship between p and v" 
"Find the limits of integration" 

p[1]*v[1J=Z[1]*R*T[1] "to get v[1], the lower bound" 

p[2]*v[2]=Z[2]*R*T [2] "to get v[2], the upper bound" 


"First Law - note that u[2] is not equal to u[1]" 
q_chart-w_chart=u[2]-u[1] 


"Entropy Change" 
DELTAs_chart=s[2]-s[1] 


"*** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 
"At state 1" 

u_ees[1]=intEnergy(Name$,T=T[1],p=p[1]) 
s_ees[1]=entropy(Name$,T=T[1],p=p[1]) 

"At state 2" 

u_ees[2]=IntEnergy(Name$,T=T[2],p=p[2]) 
s_ees[2]=entropy(Name$,T=T[2],p=p[2]) 


"Work using EES built-in properties- note use of EES Integral funcion to evaluate the integral of pdv." 
w_ees=integral(p_ees, v_ees, v_ees[1],v_ees[2]) 

"The following equation relates p and v in the above INTEGRAL" 

p_ees=pressure(Name$,T=T[1], v=v_ees) "To specify relationship between p and v" 


"Find the limits of integration" 
v_ees[1]=volume(Name$, T=T[1],p=p[1]) "to get lower bound" 
v_ees[2]=volume(Name$, T=T[2],p=p[2]) "to get upper bound" 


"First law - note that u_ees[2] is not equal to u_ees[1]" 
q_ees-w_ees=u_ees[2]-u_ees[1] 
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"Entropy change" 
DELTAs_ees=s_ees[2]-s_ees[1] 


"Note: In all three solutions to this problem we could have calculated the heat transfer by 


q/T=DELTA_s since T is constant. Then the first law could have been used to find the work. 


The use of integral of p dv to find the work is a more fundamental approach and can be 


used if T is not constant." 


SOLUTION 


DELTAh[1]=16.48 [kJ/kg] 
DELTAh[2]=91.96 [kJ/kg] 
DELTAs[1]=0.03029 [kJ/kg-K] 
DELTAs[2]=0.1851 [kJ/kg-K] 
DELTAs_chart=-0.4162 [kJ/kg-K] 
DELTAs_ees=-0.4711 [kJ/kg-K] 
DELTAs_ideal=-0.2614 [kJ/kg-K] 
Fluid$='C3H8' 

h[1]=-2232 [kJ/kg] 

h[2]=-2308 [kJ/kg] 
h_ideal[1]=-2216 [kJ/kg] 
h_ideal[2]=-2216 [kJ/kg] 
M=44.1 

Name$='Propane' 

p=4000 

p[1J=1000 [kPa] 

p[2]=4000 [kPa] 

pr[1]=0.2165 

pr[2]=0.8658 

p_critical=4620 [kPa] 
p_ees=4000 

g_chart=-155.3 [kJ/kg] 
q_ees=-175.8 [kJ/kg] 
qg_ideal=-97.54 [kJ/kg] 
R=0.1885 [kJ/kg-K] 

R_u=8.314 [kJ/mole-K] 
s[1]=6.073 [kJ/kg-K] 


s[2]=5.657 [kJ/kg-K] 
s_ees[1]=2.797 [kJ/kg-K] 
s_ees[2]=2.326 [kJ/kg-K] 
s_ideal[1]=6.103 [kJ/kg-kK] 
s_ideal[2]=5.842 [kJ/kg-K] 
T[1]=373.2 [K] 

T[2]=373.2 [K] 
Tr[1]=1.009 

Tr[2]=1.009 
T_critical=370 [K] 
u[1]=-2298 [kJ/kg] 
u[2]=-2351 [kJ/kg] 
u_ees[1]=688.4 [kJ/kg] 
u_ees[2]=617.1 [kJ/kg] 
u_ideal[1]=-2286 [kJ/kg] 
u_ideal[2]=-2286 [kJ/kg] 
v=0.01074 

v[1]=0.06506 [m^3/kg] 
v[2]=0.01074 [m*3/kg] 
v_ees=0.009426 
v_ees[1]=0.0646 [m*3/kg] 
v_ees[2]=0.009426 [m*3/kg] 
w_chart=-101.9 [kJ/kg] 
w_ees=-104.5 [kJ/kg] 
w_ideal=-97.54 [kJ/kg] 
Z[1]=0.9246 

Z[2]=0.6104 
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12-81 Propane is compressed isothermally by a piston-cylinder device. The exergy destruction associated with this process 
is to be determined. 


Assumptions 1The compression process is quasi-equilibrium. 2 Kinetic and potential energy changes are negligible. 
Properties The gas constant of propane is R = 0.1885 kJ/kg.K (Table A-1). 


Analysis The exergy destruction is determined from its definition Xgestroyed = ToSgen Where the entropy generation is 


determined from an entropy balance on the contents of the cylinder. It gives 


Sin -= Sout Kaci = AS system 
Qout d out 
-2 + Sen =m(s, -sS > Soon = (So — 5S1) + 
Fic gen ( 2 1) gen ( 2 1) Tra 
where 
AS sys = S2 — 51 =R(Zs1 —Zs2)+ (S2 = 51 ideal 
70 P 4 
(8) = S1 ideal =C n= -RIn— = 0-0.1885In — = -0.261 kJ/kg -K 
T, P, 1 
T, 
Tej att, LO NON 
Ta 370 
K i —— Z,, =0.21 
Pp, = —=—— = 0.235 
P, 4.26 
and 
T3373 
=- ~~~ =1.008 
R2 T 370 
—> Z,, =1.5 
Pp = fe: —— = 0.939 
R2 P, 2 ` 
Thus, 
AS 5 = 59 -51 =R(Z a —Z 59) + (8p — 1 )ideat = (0.1885X0.21-1.5)— 0.261 = -0.504 kJ/kg -K 
and 


F 


surr 


7 out 
X destroyed 7 ToS gen = n|: —5,)+ 


kJ/kg-K 


176.1 kI/k 
= (303 K | -0s04. EE 


= 23.4 kJ/kg 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


12-59 


12-82 A paddle-wheel placed in a well-insulated rigid tank containing oxygen is turned on. The final pressure in the tank 
and the paddle-wheel work done during this process are to be determined. 


Assumptions 1The tank is well-insulated and thus heat transfer is negligible. 2 Kinetic and potential energy changes are 
negligible. 


Properties The gas constant of O2 is R = 0.2598 kJ/kg.K (Table A-1). 


Analysis (a) For this problem, we use critical properties, compressibility 
factor, and enthalpy departure factors in EES. The compressibility factor of 


oxygen at the initial state is determined from EES to be O2 
T 
A EET. 175 K 
Tą 154.6 6 MPa 
: ji —> Z, =0.682 and Z, =1.33 t 
Py, =—=—— =1.19 
Pa 5.043 
Then, 


3 
pee yy eee ee 
; 6000 kPa 
V 0.05m 


—=—______=9.68kg 
vı 0.00516 m/kg 


= 0.00516 m?/kg 


The specific volume of oxygen remains constant during this process, % = 4. Thus, 


T. 
Ts ee Z, =0.853 

T, 154.8 l ar 
v o 0.00516 m°/kg m =I. 


= 3 = 0.649 P = 1 91 
RT, / Px (0.2598 kPa - m?/kg - K)(154.6 K) /(5043 kPa) R2 =t: 


VR2 


P, = Pry P,, = (1.91{5043)= 9652 kPa 
(b) The energy balance relation for this closed system can be expressed as 
= AE system 
Win = AU = m(u, -u;) 
Win = m[h, hy - (Pav Py,)|= m[h, hi -R(Z:T, -Z,1,)] 


En -E out 


where 
hy —hy = RT. (Zm —Zn2) + (hz — Ai ideal 
= (0.2598)(154.6)(1.33 — 1.09) + 52.96 
= 62.51 kJ/kg 
Substituting, 


W, = (9.68 kg)[62.51 — (0.2598 kJ/kg - K){(0.853)(225) — (0.682\(175)}K ]= 423 kJ 


Discussion The following routine in EES is used to get the solution above. Reading values from Fig. A-15 and A-29 
together with properties in the book could yield different results. 


"Given" 
V=0.05 [m3] 
T1=175 [K] 
P1=6000 [kPa] 
T2=225 [K] 


"Properties" 
Fluid$='02' 
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R_u=8.314 [kJ/kmol-K] 
T_cr=T_CRIT(Fluid$) 
P_cr=P_CRIT(Fluid$) 
MM=molarmass(Fluid$) 
R=R_u/MM 


"Analysis" 
"(a) 
T_R1=T1/T_cr 

P_R1=P1/P_cr 

Z_h1=ENTHDEP(T_R1, P_R1) "the function that returns enthalpy departure factor at T_R1 and P_R1" 
Z_1=COMPRESS(T_R1, P_R1) "the function that returns compressibility factor at T_R1 and P_R1" 
T_R2=T2/T_cr 

v_R2=(v2*P_cr)/(R*T_cr) 

v1=Z_1*R*T1/P1 

m=V/v1 

v2=v1 

Z_h2=ENTHDEP(T_R2, P_R2) "the function that returns enthalpy departure factor at T_R2 and P_R2" 
Z_2=COMPRESS(T_R2, P_R2) "the function that returns compressibility factor at T_R2 and P_R2" 
P2=Z_2*R*T2/v2 

P2=P_R2*P_cr 

"(b)" 

h1_ideal=enthalpy(Fluid$, T=T1) 

h2_ideal=enthalpy(Fluid$, T=T2) 

DELTAh_ideal=(h2_ideal-h1_ideal) 

DELTAh=R*T_cr*(Z_h1-Z_h2)+DELTAh_ideal 

DELTAu=DELTAh-R*(Z_2*T2-Z_1*T1) 

W_in=m*DELTAu 


Solution 
DELTAh=62.51 [kJ/kg] T1=175 [K] 
DELTAh_ideal=52.96 [kJ/kg] | T2=225 [K] 
DELTAu=43.65 [kJ/kg] T_cr=154.6 [K] 
Fluid$='02' T_R1=1.132 
hl_ideal=-121.8 [kJ/kg] T_R2=1.456 
h2_ideal=-68.8 [kJ/kg] V=0.05 [m3] 
m=9.682 [kg] v1=0.005164 [m^3/kg] 
MM=32 [kg/kmol] v2=0.005164 [m^3/kg] 
P1=6000 [kPa] v_R2=0.6485 
P2=9652 [kPa] W_in=422.6 [kJ] 
P_cr=5043 [kPa] Z_1=0.6815 
P_R1=1.19 Z_2=0.8527 
P_R2=1.914 Z_h1=1.331 
R=0.2598 [kJ/kg-K] Z_h2=1.094 


R_u=8.314 [kJ/kmol-K] 
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12-83 The heat transfer and entropy changes of CO, during a process are to be determined assuming ideal gas behavior, 
using generalized charts, and real fluid (EES) data. 
Analysis The temperature at the final state is 
BMP _ 2984 K 
1 MPa 


P, 
T, =T, — = (100 +273 K) 
P, 
Using data from the ideal gas property table of CO, (Table A-20), 

(hy = hy Jideal = hy ideal = hy ideal = 161,293 = 12, ,269 = 149,024 kJ/kmol 


P 
(5) 5; ideal = 83 — 8) — R, In— = 333.770 — 222.367 -8.314xIn= = 94.115 kJ/kmol-K 


1 


hy -h,); 149,024 kJ/kmol 
ei) y, 2 ae MO = 3386.9 kJ/kg 
M 44 kg/kmol 
The heat transfer is determined from an energy balance noting that there is no work interaction 
ideal = (U2 — U4 )ideat = (A2 =A Viae — RCT —T)) 
= 3386.9 kJ/kg - (0.1889 kJ/kg.K)(2984 - 373) = 2893.7 kJ/kg 


The entropy change is 


” 


(S2 = Sy Jideal 5 94.115 kJ/kmol 
M 44 kg/kmol 


The compressibility factor and the enthalpy and entropy departures of CO; at the specified states are determined from the 
generalized charts to be (we used EES) 


AS deat = (S2 — 51) ideat = = 2.1390 kJ/kg.K 


T 
Ta == a =1.226 
aa —> Z, =0.976, Z,, =0.1028and Z,, = 0.05987 
| eee E 
P, 7.39 
and 
T, 2 
T E 
K > Z, =1.009, Z,, =—0.1144andZ,, = -0.002685 
Pr a er ce 
Thus, 


Yohart = U2 —Uy = (h3 — hy )ideat — RT or (Zh Zm) -ZRO -T)) 
= 3386.9 —(0.1889)(304.2)(—0.1144 — 0.1028) — (0.976)(0.1889)(2887 —373) = 2935.9 kJ/kg 
AS chart = (2 — 81) chart = R(Z 51 — 252) + (S2 — 51) deat 
= (0.1889 {0.05987 — (—0.002685))+ 2.1390 = 2.151kJ/kg.K 


Note that the temperature at the final state in this case was determined from 
P, Z 8 MPa 0.976 _ 


T, =T, 2 — =(100+273K) —— = 2888 K 
PZ, 1 MPa 1.009 
The solution using EES built-in property data is as follows: 
= 3 = 
T, -33K v = 0.06885 m™/kg P, =8 MPa T, =2879K 
u; = —8.614 kJ/kg 3 u, = 2754 kJ/kg 
P =1MPa v, = v; = 0.06885 m`/kg 


sı = —0.2464 kJ/kg.K sy =1.85 kI/kg.K 


Then 


urs =U -u = 2754- (-8.614) = 2763 kJ/kg 


AS pes = (s3 —S1)pes = S2 -81 =1.85—(—0.2464) = 2.097 kJ/kg.K 
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Review Problems 


12-84 It is to be shown that the slope of a constant-pressure line on an A-s diagram is constant in the saturation region and 
increases with temperature in the superheated region. 


Analysis For P = constant, dP = 0 and the given relation reduces to dh = Tds, which can also be expressed as 


oh 

—= =T h 

ôs), 

P = const. 

Thus the slope of the P = constant lines on an A-s diagram is equal to the 
temperature. 
(a) In the saturation region, T = constant for P = constant lines, and the slope 
remains constant. 
(b) In the superheat region, the slope increases with increasing temperature since s 


the slope is equal temperature. 


12-85 Using the cyclic relation and the first Maxwell relation, the other three Maxwell relations are to be obtained. 


Analysis (1) Using the properties P, s, v, the cyclic relation can be expressed as 


eee 


T P 
Substituting the first Maxwell relation, f ) = {=| ; 
Ss Vv 


sn) (a) (=) (a (2) 


(2) Using the properties T, v, s, the cyclic relation can be expressed as 


E 


Substituting the first Maxwell relation, (Z) = {2) ; 
Ss Vv 


xo) (2) = (2) (2) (2), -(2) 


(3) Using the properties P, T, v, the cyclic relation can be expressed as 


(ar), ae), a), 


Substituting the third Maxwell relation, (2) = (=) i 
OV) 5 3 


oll ae Co) e acca 
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12-86 For £ = 0, it is to be shown that at every point of a single-phase region of an h-s diagram, the slope of a constant- 
pressure line is greater than the slope of a constant-temperature line, but less than the slope of a constant-volume line. 


Analysis It is given that £> 0. 


Using the Tds relation: dh =Tds + vdP —> a =T+v ie 
ds ds 
oh 
(1) P = constant: —| =T 
ôs), 
(2) T= constant: (2) =T (2) 
Os jr Os Jr 
But the 4th Maxwell relation: (=) = {2 
Os Jr OV) p 
Substituting: (2 af r) =T- l 
Os Jr OV) > B 
Therefore, the slope of P = constant lines is greater than the slope of T = constant lines. 
(3) v= constant: (2) =T + (=) (a) 
Os), ôs Jy 
From the ds relation: ds =<" dT =) dv 
T oT), 
Divide by dP holding v constant: ue a ef E = Lj (b) 
OP), T\OP), Os cy oO}, 


Using the properties P, T, v, the cyclic relation can be expressed as 


(8-H S o 


where we used the definitions of æ and £. Substituting (b) and (c) into (a), 


(2) -ra (Z) spa Meg 


Os Os ca 


Here æ is positive for all phases of all substances. T is the absolute temperature that is also positive, so is cy. Therefore, the 
second term on the right is always a positive quantity since 2 is given to be positive. Then we conclude that the slope of P = 
constant lines is less than the slope of v= constant lines. 
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12-87 It is to be shown that 


eye SY as a ee E oe 
Or) T), ý ôT) 00.) x 


Analysis Using the definition of c,, 
AB] ABLE 
oT), oP), OT Jy 
Substituting the first Maxwell relation & = { x) > 
Vv S 


or 
pe ny oe 
oT ) AT); 


Using the definition of c,, 
“fA 
` OT jp Ov) p\ OT ) p 


P 
Substituting the second Maxwell relation (=) = (=) 5 
P S 


v oT), 
ZOG 
oT ),\ OT }p 


12-88 It is to be proven that for a simple compressible substance (=) =—, 
v u 


Analysis The proof is simply obtained as 


ix) le) -P P 


ov), F 


G 
Os jy 
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f : 0 
12-89 It is to be proven by using the definitions of pressure and temperature, T = (=) 
s 


f ; oh 
gases, the development of the constant-pressure specific heat yields & =0 
T 


Analysis The definition for enthalpy is 


h=u+Pv 


(2) (=) (2) (Z) 
— | =|>—]| +P —]| +4 — 
aP), (aP); OP), aP); 


Assume u =u(s, v) 


Then, 


Then, 


12-65 


and P = {2) that for ideal 
ov), 


v 
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12-90 It is to be proven by using the definitions of pressure and temperature, T = (=) and P 
S v 


i ; ð 
gases, the development of the constant-volume specific heat yields (=) =0. 
Vr 


Analysis Assume u = u(s, v) 


Then, 
au=(2) ds + a) dv 
Os Jy ôv), 
elec sacle: 
OV) 5 Os ov), \du),\ eu), 
-(2 +P 
Ov) >, 


For ideal gases 


pee od (=) ae 
v Y 
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= {2) that for ideal 
ov), 
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r 


nae Š H 
12-91 Expressions for h, u, s°, P,, and y, for an ideal gas whose c,’ is given by c, = 5 a; EE) are to be 


developed. 


Analysis By making the change in variable, x = In(7/T,), the enthalpy of this substance relative to a reference state is given 
by 


h= [eget =a, faea 
T, 


ref Xref 


D3 Jx -i-na T inin- x? =. + (in)! 
Ans -xi + (i= nxi -ini -n-i +. ED- n)! 


Similarly, s° is given by 


x 


ss f (2 r- X aT, [eaa 


Tref Xref 
5 a,e* |O -i -n24 + @- n)(i- n- 12x)? -+ (D i- n)! 
Set ain | _ (xps) +0- n)2X, 4)" | -i -ni-n -Nx e) T? +... - (I) i- n)! 
With these two results, 
u =h- Pv 
pa ee /R 


According to the du form of Gibbs equations, 


When this is integrated between the reference and actual states, the result is 


fe, P-emt=-Rin 
T 


Vv 


ref ref 


Solving this for the specific volume ratio gives 
Y oO 

= expl- (6? -R -Tup NR] 

Vief 


The ratio of the specific volumes at two states which have the same entropy is then 


L -expl l? s? R(T, T)] 
Vref 


Inspection of this result gives 


v= expl- (s° - RT)/R| 
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12-92 It is to be shown that the position of the Joule-Thompson coefficient inversion curve on the T-P plane is given by 
(OZ/OT)p = 0. 


Analysis The inversion curve is the locus of the points at which the Joule-Thompson coefficient x is zero, 


u= ? (2) v|=0 
Cp OT jp 


which can also be written as 


ZRT 
| ey (a) 
ôT)p P 
since it is given that 
ZRT 
v= b 
> (6) 


Taking the derivative of (b) with respect to T holding P constant gives 


C), 


Substituting in (a), 


IR (2) z|- -0 
P\ lar), P 


OT ) p 


which is the desired relation. 
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12-93 It is to be shown that for an isentropic expansion or compression process Pv‘ = constant. It is also to be shown that 
the isentropic expansion exponent k reduces to the specific heat ratio c,/c, for an ideal gas. 
Analysis We note that ds = 0 for an isentropic process. Taking s = s(P, v), the total differential ds can be expressed as 


w-(S) aps(S) dv=0 (a) 
oP), Ov)» 
We now substitute the Maxwell relations below into (a) 


(3), a), (3), “Lz, 


to get 
-(=) apa Z) dv=0 
T S 
Rearranging, 
dP E dv=0 > dP eg dv=0 
dv) T), v), 
dP 1/{ OP 
Dividing by P, —-—|— | dv=0 b 
ividing by F 42) v (b) 


dP dv 
ii = 
Taking k to be a constant and integrating, 


InP + kln v = constant ——> In Pv* = constant 
Thus, 


Pv* = constant 
To show that k = c,/c, for an ideal gas, we write the cyclic relations for the following two groups of variables: 


(s,T,v) [Z] (z (=) oe eee (2) (=) at 
a“ aT ),\ ds Jr dv), T \ ds Jr ðv), 


(s.T, P) (5) (z (z) zo (2) (=) Si 
“> aT } p\ ds Jr EP J, T \ as Jr aP), 


where we used the relations 


e =£) andc, =T z) 
ôT), á ôT jp 


Setting Eqs. (c) and (d) equal to each other, 
Tal), EEE) 
T as Jr OP), T \ das ),\ dv), 
oa) Ge) (SIS) ea) era), AB) 
Cy OP j oT) és Jr Ou), aP Os Jr OT dv), (OP) ðv), 


AA) 


Substituting, 


or, 


but 


which is the desired relation. 
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12-94 The c, of nitrogen at 300 kPa and 400 K is to be estimated using the relation given and its definition, and the results 
are to be compared to the value listed in Table A-2b. 


Analysis (a) We treat nitrogen as an ideal gas with R = 0.297 kJ/kg-K and k = 1.397. Note that PT“ = C = constant for 
the isentropic processes of ideal gases. The c, relation is given as 


oP ov 
c, ==>] |— 
OT ),\OT ) p 
RT ov R 
v= > = 
P aT)» P 


P=cri) : oP) k CTI- _ k (prad rra kP 
Ra = T(k-) 


Substituting, 


= kP (4 kR _ 1.397(0.297 kJ/kg -K) 
p 


= =1.045 kJ/kg -K 
T(k-D)] P) k-1 1.397-1 


(b) The c, is defined as c, = (=) . Replacing the differentials by differences, 
P 


(=) _ (410 K)—A(390 K) _ (11,932 -11,347)/28.0 kJ/kg _ 1.045 kJ/kg-K 
AT P=300kPa 


(410-390)K (410-390)K 


(Compare: Table A-2b at 400 K > c, = 1.044 kJ/kg-K) 


12-95 The temperature change of steam and the average Joule-Thompson coefficient during a throttling process are to be 
estimated. 


Analysis The enthalpy of steam at 4.5 MPa and T = 300°C is h = 2944.2 kJ/kg. Now consider a throttling process from this 
state to 2.5 MPa. The temperature of the steam at the end of this throttling process will be 


P= 2.5 MPa 


T, =273.72°C 
h = 2944.2 kJ/kg 


Thus the temperature drop during this throttling process is 
AT =T, —T, = 273.72 — 300 = -26.28°C 


The average Joule-Thomson coefficient for this process is determined from 


Te (27) _ (273.72~3009C _ 43 aaccimPa 
OP Ja AP J n-3204.7ki/ke (2.5—4.5)MPa 
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12-96 Argon enters a turbine at a specified state and leaves at another specified state. Power output of the turbine and 
exergy destruction during this process are to be determined using the generalized charts. 


Properties The gas constant and critical properties of Argon are R = 0.2081 kJ/kg.K, Tẹ = 151 K, and Por = 4.86 MPa 
(Table A-1). 


Analysis (a) The enthalpy and entropy departures of argon at the specified states are determined from the generalized 
charts to be 


SF 2 


RT eg P,=9 MPa 
T Z„ =0 and Z, =0 fy OVS 
Pr PEDERE =1.85 LOO g 20 kW 
' P, 486 
Thus argon behaves as an ideal gas at turbine inlet. Also, 
T: 
ee 20029 98 
2 Ty 151 
Z, =0.024 and Z, = 0.013 
P 15 2 52 
Pp =— = — = 0.309 
> Py 486 
Thus, 
hy ~ h = RT, (Z, ~ Zn, J+ (hy =< h Jii P = 1 5 MPa 
= (0.2081\(151)(0 — 0.024) + 0.5203(450 — 800) = -182.9 kJ/kg T, =450K 
The power output of the turbine is to be determined from the energy balance equation, V= 150 m/s 
Ein - È out = AË system =0 (steady) = Ein = Eo 
ti(h, +V? 12) = thy +V? 12)+ Oon +Wour 
V2-v?| . 
Wout 7 a (h hy ) + - 7 ! | Qout 
Substituting, 


l -àl 2( 1kJk 
Wout =-(3 TE 50 m/s) ( 00 m/s) J g 


5 (G0 al 20 kJ/s =510 kW 
m/s 


(b) Under steady conditions, the rate form of the entropy balance for the turbine simplifies to 
: ; f : d 
Sin — Sout + Sgen = AS system =0 

Qout 


b,out 


ae ee es 
+Sgen = 0 —> Sgen a an ae 
0 


MS, — MSy — 


The exergy destroyed during a process can be determined from an exergy balance or directly from its 


definition X, destroyed = ToS gen ? 


Z 5 . Ox 
X destroyed = ToS gen = nae = Sy) + Ea 
0 


where s, -s =R(Z, Zy )+ (8 =$1)sdea 


T. P. 4 L. 
and (s3 = s1 Jacal = €p N— — RIN— =0.5203 in >? 008i In = 0.0735 kJ/kg -K 
T, P 800 9 


Thus, s, =s; =R(Z, —Z,, )+ (s2 = s1 Jacar = (0-2080 — (0.013)]+ 0.0735 = 0.0708 kJ/kg - K 


si 
Substituting, 


20 kW 
298 K 


Ž destroyed = (298 Kf6 kg/s {0.0708 kJ/kg - K )+ ) = 83.3 kW 
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> 
12-97 Problem 12-96 is reconsidered. The problem is to be solved assuming steam is the working fluid by using the 
generalized chart method and EES data for steam. The power output and the exergy destruction rate for these two 
calculation methods against the turbine exit pressure are to be plotted. 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


"Input Data " 
T[1]=800 [K] 
P[1]=9000 [kPa] 
Vel[1]=100 [m/s] 
T[2]=450 [K] 
P[2]=1500 [kPa] 
Vel[2]=150 [m/s] 
Q_dot_out=20 [kW] 
T_0=25+273 "[K]" 
m_dot=3 [kg/s] 
Name$='Steam_iapws' 
T_critical=647.3 [K] 
P_critical=22090 [kPa] 
Fluid$='H20' 


R_u=8.314 
M=molarmass(Fluid$) 
R=R_u/M 


nee" IDEAL GAS SOLUTION ******" 

"State 1" 

h_ideal[1]=enthalpy(Fluid$,T=T[1]) "Enthalpy of ideal gas" 
s_ideal[1]=entropy(Fluid$, T=T[1], P=P[1]) "Entropy of ideal gas" 
"State 2" 

h_ideal[2]=enthalpy(Fluid$,T=T[2]) "Enthalpy of ideal gas" 
s_ideal[2]=entropy(Fluid$, T=T[2], P=P[2]) "Entropy of ideal gas" 


"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 


m_dot*(h_ideal[1]+Vel[1]*2/2*convert(m*2/s*2,kJ/kg))=m_dot*(h_ideal[2]+Vel[2]*2/2*convert(m*2/s*2,kJ/kg))+Q 
_dot_out+W_dot_out_ideal 


"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_ideal[1] - m_dot*s_ideal[2] - Q_dot_out/T_o + S_dot_gen_ideal = 0 


"Exergy Destroyed:" 
X_dot_destroyed_ideal = T_o*S_dot_gen_ideal 


"=+ COMPRESSABILITY CHART SOLUTION ******" 

"State 1" 

Tr[1]=T[1}/T_critical 

Pr[1]=P[1/P_critical 

Z[1]=COMPRESS(Tr{1], Pr[1]) 

DELTAh[1]=ENTHDEP(Tr[1], Pr[1])*R*T_critical "Enthalpy departure" 
h_chart[1]=h_ideal[1]-DELTAh[1] "Enthalpy of real gas using charts" 
DELTAs[1J=ENTRDEP(Tr[1], Pr[1])*R "Entropy departure" 
s_chart[1]=s_ideal[1]-DELTAs[1] "Entropy of real gas using charts" 
"State 2" 

Tr[2]=T[2\/T_critical 

Pr[2]=P[2\/P_critical 

Z[2]=COMPRESS(Tr/2], Pr{2]) 
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DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical "Enthalpy departure" 
DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure" 
h_chart[2]=h_ideal[2]-DELTAh[2] "Enthalpy of real gas using charts" 
s_chart[2]=s_ideal[2]-DELTAs[2] "Entropy of real gas using charts" 


"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 


m_dot*(h_chart[1]+Vel[1]*2/2*convert(m*2/s*2,kJ/kg))=m_dot*(h_chart[2]+Vel[2]*2/2*convert(m*2/s*2,kJ/kg))+Q 
_dot_out+W_dot_out_chart 


"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_chart[1] - m_dot*s_chart[2] - Q_dot_out/T_o + S_dot_gen_chart = 0 


"Exergy Destroyed:" 
X_dot_destroyed_chart = T_o*S_dot_gen_chart"[kW]" 


"***** SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 
"At state 1" 

h_ees[1]=enthalpy(Name$,T=T[1],P=P[1]) 
s_ees[1]=entropy(Name$,T=T[1],P=P[1]) 

"At state 2" 

h_ees[2]=enthalpy(Name$,T=T[2],P=P[2]) 
s_ees[2]=entropy(Name$, T=T[2],P=P[2]) 


"Conservation of Energy, Steady-flow: " 
"E_dot_in=E_dot_out" 


m_dot*(h_ees[1]+Vel[1]*2/2*convert(m*2/s*2,kJ/kg))=m_dot*(h_ees[2]+Vel[2]*2/2*convert(m*2/s*2,kJ/kg))+Q_d 
ot_out+W_dot_out_ees 


"Second Law analysis:" 
"S_dot_in-S_dot_out+S_dot_gen = 0" 
m_dot*s_ees[1] - m_dot*s_ees[2] - Q_dot_out/T_o + S_dot_gen_ees= 0 


"Exergy Destroyed:" 
X_dot_destroyed_ees = T_o*S_dot_gen_ees 
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P2 T2 Woutchart Woutees Woutideal Xdestroyedchart Xdestroyedees Xdestroyedideal 
[kPa] [K] [kW] [kW] [kW] [kW] [kW] [kW] 
1100 | 450 1822 1836 2097 909.1 905.7 836 
200 450 1829 1853 2097 620 610.9 550.1 
300 450 1837 1871 2097 449.7 434.4 382.8 
400 450 1844 1890 2097 327.9 306.2 264.1 
500 450 1852 1909 2097 232.7 204.2 172 
600 450 1859 1929 2097 154.3 118.6 96.79 
700 450 1867 1950 2097 87.51 44.06 33.19 
800 450 1874 1971 2097 29.18 -22.56 -21.9 
900 450 1882 1994 2097 -22.7 -83.47 -70.5 

2200 T T T T 

2150 

ideal 
© 2050 
ž 
a 2000 
> 
[o} 4 

1900 chart = 

1850 See rome a 

1800 L i , | 

100 200 300 400 500 600 700 800 900 
P[2] [kPa] 
1000 
800 —— Xdestroyed, ideal 
z 600 —= Xdestroyed,ees 
= 400 —— Xdestroyed, chart 
o  f | 
£ 200 
n 
S H 
-x< 0 
-200 
-400 1 1 fi 1 fi 1 f 
100 200 300 400 500 600 700 800 900 
P[2] [kPa] 
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12-98 An adiabatic storage tank that is initially evacuated is connected to a supply line that carries nitrogen. A valve is 
opened, and nitrogen flows into the tank. The final temperature in the tank is to be determined by treating nitrogen as an 
ideal gas and using the generalized charts, and the results are to be compared to the given actual value. 


Assumptions 1 Uniform flow conditions exist. 2 Kinetic and potential energies are negligible. 


Analysis We take the tank as the system, which is a control volume since mass crosses the boundary. Noting that the 
microscopic energies of flowing and nonflowing fluids are represented by enthalpy / and internal energy u, respectively, 
the mass and energy balances for this uniform-flow system can be expressed as 


Mass balance: mj, — Mut = Am 


in > Mm =m, (since Mout = Minitial = 0) 


system 


Energy balance: — Ej, — Eott = AE. 


system > 0+ m;h; = mh 
Combining the two balances: w= hi 


(a) From the ideal gas property table of nitrogen, at 225 K we read 


T = h; = hans g = 6,537 kJ /kmol 


The temperature that corresponds to this w, value is 


Initially 
evacuated 


T, =314.8 K (7.4% error) 


(b) Using the generalized enthalpy departure chart, h; is determined to be 


T 22 
E = 2 aise 3 = 
Pg 126.2 hi ideat — hj ; 
P 10 hi = ES =0.9 (Fig. A-29) 
Pp, =— =——=2.95 as 
P, 339 
Thus, 
h; = hi ideat — 9-9, Ta = 6,537 — (0.98.314 126.2) = 5,593 kJ/kmol 
and 
i = h; = 5,593 kJ/kmol 


Try T)= 280K. Then at Px = 2.95 and Tp = 2.22 we read Z, = 0.98 and (hy jgeqy — 2) / Ry Tey = 0-55 


Thus, 
2 = hy idea) — 0-55R,To, = 8,141- (0.55)(8.314\(126.2) = 7,564 kJ/kmol 


u`- cr 


T, = h, —ZR,,T = 7,564 —(0.98)(8.314)280) = 5,283 kJ/kmol 
Try T, = 300 K. Then at Pry = 2.95 and Tp = 2.38 we read Z, = 1.0 and (hp igeat — hy) / Ry To, = 0.50 


Thus, 
hy = hp icai — 9-50R,, Toy = 8,723 — (0.50\8.314)(126.2) = 8,198 kI/kmol 


u`- cr 


i, = h, —ZR,,T, =8,198—(1.0)8.314)(300) = 5,704 kJ/kmol 


By linear interpolation, 


T, =294.7K (0.6% error) 
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12-99E Methane is to be adiabatically and reversibly compressed in a steady-flow device. The specific work required for 
this compression is to be determined using the departure charts and treating the methane as an ideal gas with temperature 
variable specific heats. 
Properties The properties of methane are (Table A-1E) 

M =16.043 Ibm/Ibmol, R = 0.1238 Btu/lbm-R, T =343.9R, P. = 673 psia 


Analysis The temperature at the exit state may be determined by the fact that the process is isentropic and the molar 
entropy change between the inlet and exit is zero. When the expression of Table A-2Ec is substituted for c, and the 
integration performed, we obtain 


26 P 2 P 
(52 = 51 )ideal =|ar-r, in =| =Ab CT +P? |dT-R, la 
1 k P 1 T P, 


f f 500 psia 
T C m2 yd p3 3 P, Ji 
=aln—+b(T, -T,)+—(Ty -Tf )+—(T; -Ty )-R, In 
T, ty E E E aR B 
Substituting, Methane 
T. 09352x10~ 
0= 4.75 In + 0.006666(73 560)+ ee (T? =—5607) f 
«4510x107 
0.4510%10"" e (1.9858) E 50 psia 
3 50 100°F 
Solving this equation by EES or an iterative solution gives 
T, =892R 
When en energy balance is applied to the compressor, it becomes 


2 2. 
Wia = (F -Mn ass = |cpdT = | (a+bT +07? +dT?)dT 
1 1 


b Cc d 
=a(T, vara Chs AE “T+ Ty -T;') 


; .09352x10 
= 4.75(892 560) + O08 ggn? 560774 22233 ay (892? — 560°) 


0.4510x10~? 
4 
= 3290 Btu/Ibmol 

The work input per unit mass basis is 

Win _ 3290 Btu/Ibmol 

“in = M ~ 16.043 Ibm/Ibmol 

The enthalpy departures of propane at the specified states are determined from the generalized charts to be (Fig. A-29 or 
from EES) 


(892* - 5604) 


= 205.1Btullbm 


T, 560 


Tp, = — = —— =1.628 
Tı 343.9 TETT 
—> ln 5V 
P 
pro ta h yo 
P, 673 
and 
a a 2 S ao 
ae SA — > Z,,. =0.0990 
T F 
paa 20 has 
a tier ae 
cr 


The work input is determined to be 
Win = hy ~h = (hy -hi Videa — RT er (Zn Zm) 
= 205.1 Btu/lbm — (0.1238 Btu/Ibm - R)(343.9 R)(0.0990 — 0.0332) 
= 202.3 Btu/lbm 
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12-100 The volume expansivity of water is given. The change in volume of water when it is heated at constant pressure is 
to be determined. 


Properties The volume expansivity of water is given to be 0.207x10° K” at 20°C. 
Analysis We take v= v(P, T). Its total differential is 


w-(2) ar) dP 
T), @), 


which, for a constant pressure process, reduces to 


Dividing by vand using the definition of 2, 


dv _ (2 
O 


dT = BdT 
P 


Y Y 


Taking £ to be a constant, integration from 1 to 2 yields 
In. = g(r, -T,) 
vi 
or 


2- exp[A(T> =h )] 
vi 


Substituting the given values and noting that for a fixed mass V/V = w/v, 
V, = V, exp[A(7, - T, )]= (0.5 m° Jexplo.207x10% K= X50- 10}c] 
= 0.50000414 m° 
Therefore, 


AV =V, -V =0.50000414 — 0.5 = 0.00000414 m° = 4.14 cm? 
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12-101 The work done by the refrigerant 134a as it undergoes an isothermal process in a closed system is to be 
determined using the tabular (EES) data and the generalized charts. 


Analysis The solution using EES built-in property data is as follows: 
T, =40°C_ |u; =106.37 kJ/kg 
P, =2MPa} s; = 0.3916 kJ/kg.K 
T, =40°C Uy = 264.25 kJ/kg 
P, =0.1 MPa] s, =1.1484 kJ/kg.K 


ASpes = S3 — 5; =1.1484 — 0.3916 = 0.7568 kJ/kg.K 
rcs = T, As pes = (40 + 273.15 K)(0.7568 kJ/kg.K) = 237.00 kJ/kg 


Wers = gprs — (u2 — u4) = 237.00 — (264.25 - 106.37) = 79.1 kJ/kg 


For the generalized chart solution we first determine the following factors using EES as 


T, ; 
Tri = aL = A= L 0.8369 
p 3 > Z, =0.08357, Z,, =4.82 and Z,, =5.147 
Pri =- =_“_=0,4927 
P„ 4.059 
T. 13.2 
Tr == = FS = 0.8369 
“a 0 i Z, =0.9857, Zr =0.03396 and Z2 =0.02635 
Pro === —— =0.02464 
P, 4.059 


cr 


Then, 


Ah, = Z,,RT.. = (4.82)(0.08148 kI/kg.K)(374.2 K) = 146.97 kJ/kg 
As, = ZR =(5.147)(0.08148 kIJ/kg.K) = 0.4194 kJ/kg. K 


Ah, = Z RT, = (0.03396)(0.08148 kI/kg.K)(374.2 K) = 1.04 kJ/kg 
As, = Z „2R = (0.02635)(0.08148 kI/kg.K) = 0.002147 kJ/kg.K 


P. 
ASideat = R 1n — = (0.08148 Kike Kin) = 0.2441 kJ/kg -K 
P 2 


1 


AS chart = ASideat — (AS) — As4) = 0.2441 — (0.002147 — 0.4194) = 0.6613 kJ/kg -K 
deran = T, AS onar = (40 + 273.15 K)(0.6613 kI/kg.K) = 207.09 kJ/kg 


AU chart = Ahigeai — (Aha — Ahy) - (ZRT, — ZIRT) 
=0 — (1.04 — 146.97) — [(0.9857)(0.08148)(3 13.2) — (0.08357)(0.08148)3 13.2)| = 122.92 kJ/kg 
Wehart = 4 chart — AU chart = 207.09 — 122.92 = 84.2 kJ/kg 


The copy of the EES solution of this problem is given next. 


"Input data" 
T_critical=T_CRIT(R134a) "[K]" 
P_critical=P_CRIT(R134a) "[kpa]" 
T[1]=40+273.15"[K]" 
T[2]=T[1]"[K]" 

P[1]=2000"[kPa]" 
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P[2]=100"[kPa]" 
R_u=8.314"[kJ/kmol-K]" 
M=molarmass(R134a) 
R=R_u/M"[kJ/kg-K]" 


"eee SOLUTION USING EES BUILT-IN PROPERTY DATA *****" 


"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
DELTAs_ EES=(entropy(R134a,T=T[2],P=P[2])-entropy(R134a, T=T[1],P=P[1])) 
q_EES=T[1]*DELTAs_EES 


s_ 2=entropy(R134a,T=T[2],P=P[2]) 
s_1=entropy(R134a,T=T[1],P=P[1]) 


"Conservation of energy for the closed system:" 
DELTAu_EES=intEnergy(R134a,T=T[2],p=P[2])-intEnergy(R134a,T=T[1],P=P[1]) 
q_EES-w_EES=DELTAu_EES 

u_1=intEnergy(R134a,T=T[1],P=P[1]) 

u_2=intEnergy(R134a,T=T[2],p=P[2]) 


iexee* COMPRESSABILITY CHART SOLUTION ******" 

"State 1" 

Tr[1]=T[1]/T_critical 

pr[1]=p[1]/p_critical 

Z[1J=COMPRESS(Tr[1], Pr[1]) 

DELTAh[1J=ENTHDEP(Tr[1], Pr[1])*R*T_critical"Enthalpy departure" 
Z_h1=ENTHDEP(Tr[1], Pr[1]) 

DELTAs[1]=ENTRDEP(Tr[1], Pr[1])*R “Entropy departure” 
Z_Ss1=ENTRDEP(Tr[1], Pr[1]) 


"State 2" 

Tr[2]=T[2]/T_critical 

Pr[2]=P[2]/P_critical 

Z[2]=>COMPRESS(Tr[2], Pr[2]) 

DELTAh[2]=ENTHDEP(Tr[2], Pr[2])*R*T_critical"Enthalpy departure" 
Z_h2=ENTHDEP(Tr[2], Pr[2]) 

DELTAs[2]=ENTRDEP(Tr[2], Pr[2])*R "Entropy departure” 
Z_S2=ENTRDEP(Tr[2], Pr[2]) 


"Entropy Change" 
DELTAs_ideal= -R*In(P[2]/P[1]) 
DELTAs_chart=DELTAs_ideal-(DELTAs[2]-DELTAs[1]) 


"For the isothermal process, the heat transfer is T*(s[2] - s[1]):" 
qg_chart=T[1]*DELTAs_chart 


"Conservation of energy for the closed system:" 

DELTAh_ideal=0 
DELTAu_chart=DELTAh_ideal-(DELTAh[2]-DELTAh[1])-(Z[2]*R*T[2]-Z[1]*R*T[1]) 
q_chart-w_chart=DELTAu_chart 
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SOLUTION 


DELTAh[1]=146.97 [kJ/kg] 
DELTAh[2]=1.04 [kJ/kg] 
DELTAh_ideal=0 [kJ/kg] 
DELTAs[1]=0.4194 [kJ/kg-K] 
DELTAs[2]=0.002147 [kJ/kg-K] 
DELTAs_chart=0.6613 [kJ/kg-K] 
DELTAs_EES=0.7568 [kJ/kg-K] 
DELTAs_ideal=0.2441 [kJ/kg-K] 
DELTAu_chart=122.92 [kJ/kg] 
DELTAu_EES=157.9 [kJ/kg] 
M=102 

P[1]=2000 [kPa] 

P[2]=100 [kPa] 

pr[1]=0.4927 

Pr[2]=0.02464 

P_critical=4059 [kpa] 
q_chart=207.09 [kJ/kg] 
g_EES=237.00 [kJ/kg] 


DD 


=0.08148 [kJ/kg-K] 
_u=8.314 [kd/kmol-K] 
s_1=0.3916 
s_2=1.1484 [kJ/kg-K] 
T[1]=313.2 [K] 
T[2]=313.2 [K] 
Tr[1]=0.8369 
Tr[2]=0.8369 
T_critical=374.2 [K] 
u_1=106.37 
u_2=264.25 [kJ/kg] 
w_chart=84.18 [kJ/kg] 
w_EES=79.12 [kJ/kg] 
Z[1]=0.08357 
Z[2]=0.9857 

Z h1=4.82 
Z_h2=0.03396 

Z s1=5.147 
Z_s2=0.02635 
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12-102 The heat transfer, work, and entropy changes of methane during a process in a piston-cylinder device are to be 
determined assuming ideal gas behavior, using generalized charts, and real fluid (EES) data. 


Analysis The ideal gas solution: (Properties are obtained from EES) 


State 1: 
T, = 100°C ——>h, = -4492 kJ/kg 
T, =100°C, P, =4MPa——>s, =10.22kJ/kg.K 
u, = h, — RT, = (4492) - (0.5182)(100 + 273.15) = -4685 kJ/kg 
v =R A = (0.5182 kite. Ky 0% ah = £) = 0.04834 m3/kg 
State 2: 


T, =350°C—> h, = -3770 kJ/kg 
T, =350°C, P, =4MPa——>s, =11.68 kJ/kg.K 
u, = h, — RT, = (-3770) - (0.5182)(350 + 273.15) = -4093 kJ/kg 


350+ 273.15 K 
4000 kPa 


T 
v, =R = (0.5182 kJ/kg.K) = 0.08073 m*/kg 
P, 


Wigeat = P(Va — ¥;) = (4000 kPa)(0.08073 - 0.04834)m° /kg = 129.56 kJ/kg 


idea = Wideal + (u3 — u1) = 129.56 + [(-4093) - (-4685)]= 721.70 kJ/kg 


AS geal = S2 — Sı =11.68 — 10.22 = 1.46 kJ/kg 


For the generalized chart solution we first determine the following factors using EES as 


T Fi _ 33 ia 
RI 304.2 ` 


T 
a —> Z, =0.9023, Z,, =0.4318 and Z, =0.2555 
Pay =— =—— =0.5413 
P, 739 
T.: 
Tr =— = 62 2.048 
Ta 304.2 
i f — Z, =0.995, Z,» =0.1435 and Z,, = 0.06446 
Pay =— =—— =0.5413 
P, 7.39 
State 1: 
Ah, = Z RT, =(0.4318)(0.5182 kI/kg.K)(304.2 K) = 68.07 kJ/kg 
hy = M ideat — Ah, = (-4492) — 68.07 = -4560 kJ/kg 
u, =h, —Z,RT, = (4560) — (0.9023)(0.5182)(373.15) = 4734 kJ/kg 
T : 
v, = Z,R— = (0.9023)(0.5182) 373.15 _ 9.04362 m?/kg 
P 4000 
As, = Z,,R = (0.2555)(0.5182 kJ/kg.K) = 0.1324 kJ/kg.K 
S1 = S1 ideal — AS, = 10.22 — 0.1324 = 10.09 kI/kg.K 
State 2: 


Ah, = Z,2RT„ =(0.1435)(0.5182 kI/kg.K)(304.2 K) = 22.62 kJ/kg 
hy = hy ideal Ah, = ( 3770) 22.62 = —3793 kJ/kg 
Uy = h, -Z RT, = (3793) —(0.995)(0.5182)(623.15) = —41 14 kJ/kg 
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12-82 
623.15 
4000 


T. 
v, =Z,R = = (0.995)(0.5182) = 0.08033 m3/kg 
rA 


As, = Z >R = (0.06446)(0.5182 kI/kg.K) = 0.03341 kJ/kg.K 


Then, 


Wanat = P(V3 — ¥,) = (4000 kPa)(0.08033 - 0.04362)m3/kg = 146.84 kJ/kg 


chart = Wehart + (ly — Uy) = 146.84 + [(-41 14) - (-4734)] = 766.84 kJ/kg 


AS chart = S2 — S1 =11.65 -10.09 = 1.56 kJ/kg 
The solution using EES built-in property data is as follows: 


v; = 0.04717 m3/kg 
u; =—39.82 kJ/kg 


sı = -1.439 kJ/kg.K 


T, =100°C 
P, =4MPa 


v, =0.08141 m°/kg 
u, = 564.52 kJ/kg 


E a| 
S2 = 0.06329 kJ/kg.K 


P, =4MPa 
Weps = P(¥> — v1) = (4000 kPa)(0.08141 -0.04717)m°/kg =136.96 kJ/kg 


prs = Wers + (Uy —U,) = 136.97 + [564.52 - (-39.82)] = 741.31 kJ/kg 
ASges = s2 — sı = 0.06329 — (1.439) = 1.50 kJ/kg 
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12-103E Methane is compressed steadily. The entropy change and the specific work required are to be determined using the 
departure charts and the property tables. 
Properties The properties of methane are (Table A-1E) 

M =16.043 Ibm/Ibmol, T, =343.9R, P,, = 673 psia, c , = 0.532 Btu/Ibm - R, R = 0.1238 Btu/Ibm -R 


Analysis (a) Using empirical correlation for the c, of methane as given in Table A-2Ec gives 


m —h, = | c,dT = f (a+bT+cT? +aT?)dT 


500 psia 
=a(T, —T,)+ : (Ty -T7 )+ (TÈ -T° )+ f (T$ -1;') a 
6666x10* 0935210 i 
= 4.750(1000) + 2:5000%'0 © (15602 —5607) 4 202992*19 (15603 — 5603) 
f Methane 
T -9 
E 0.4510x10 (15604 5604) í 
=12,288 Btu/Ibmol-R 
The work input is equal to the enthalpy change. The enthalpy change per unit mass is Po 


hy —h, _ 12,288 Btu/lbmol 
Win =m -h = = 
M 16.043 Ibm/lbmol 
Similarly, the entropy change is given by 
2 2 
c P. P 
Gz -ia = [aT -R, n= f| Ž+b+cT+aT? aT -R, m= 
ie Pos\? P, 


= 765.9 Btu/lbm 


1 


T, C m2 2 d__,.3 3 P, 
=aln—+D(T, -T,)+—(T; -T )+— (T; -T, R, In 
T, (T, -7) aV ae i eto P, 


0.09352x10 7 


1 
= 4.750 n 2 + 0,6566%107 (1560-560) + (15607 —5607) 


E ig 
+ —0.4510%10"" (15603 —5602)—(1.9858) in 
= 7.407 Btu/Ibmol-R 
The entropy change per unit mass is 
(59 — 51 )igeg = EED iaeat_ = 7407 Biu/lbmol -R _ 9.4617 Btu/lbm -R 


M 16.043 lbm/Ibmol 


(b) The enthalpy and entropy departures of water vapor at the specified states are determined from the generalized charts to 
be (Figs. A-29, A-30 or from EES. We used EES.) 


OT _ 560 _ 
Ri pia Aaa S 
T,, 343.9 
—— Z„ =0.03313 and Z,, = 0.01617 
P, 50 
p, =— = — =0.0743 
P, 673 
and 
Ta 1 
pe aa OOD aa 
Tx 343.9 
Bk — > Z, =0 and Z,, =0.00695 
Pay =— = — =0.743 
P, 673 


The work input and entropy changes are 
Win = hy =h = (ha = hy idea — RT oe (Zina — Zi) 
= 765.9 — (0.1238)(343.9)(0 — 0.03313) = 767.4 Btullbm 


S2 — 5, =(S2 — S1 Jide — R(Z 52 — Z 51) 
= 0.4617 — (0.1238)(0.00695 — 0.01617) = 0.4628 Btu/lbm-R 
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12-104E Methane is compressed in a steady-flow device. The second-law efficiency of the compression process is to be 


determined. 
Analysis The reversible work input to the compressor is determined from 
s1) = 767.4 Btu/lbm — (537 R)(0.4628 Btu/Ibm- R) = 518.8 Btu/lbm 


Wrey = M -h -To (82 
The second-law efficiency of the compressor is 


fia ee 2 EE = 67667. 600 
767.4 


Wactual 
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Fundamentals of Engineering (FE) Exam Problems 


12-105 A substance whose Joule-Thomson coefficient is negative is throttled to a lower pressure. During this process, 
(select the correct statement) 


(a) the temperature of the substance will increase. 
(b) the temperature of the substance will decrease. 
(c) the entropy of the substance will remain constant. 
(d) the entropy of the substance will decrease. 

(e) the enthalpy of the substance will decrease. 


Answer (a) the temperature of the substance will increase. 


12-106 Consider the liquid-vapor saturation curve of a pure substance on the P-T diagram. The magnitude of the slope of 
the tangent line to this curve at a temperature T (in Kelvin) is 


(a) proportional to the enthalpy of vaporization Aę at that temperature, 
(b) proportional to the temperature T, 

(c) proportional to the square of the temperature 7, 

(d) proportional to the volume change v, at that temperature, 

(e) inversely proportional to the entropy change Sp at that temperature, 


Answer (a) proportional to the enthalpy of vaporization hy at that temperature, 


12-107 Based on the generalized charts, the error involved in the enthalpy of CO, at 300 K and 5 MPa if it is assumed to be 
an ideal gas is 


(a) 0 (b) 9% (c) 16% (d) 22% (e) 27% 
Answer (e) 27% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T=300 "K" 

P=5000 "kPa" 

Pcr=P_CRIT(CarbonDioxide) 
Tcr=T_CRIT(CarbonDioxide) 

Tr=T/Tecr 

Pr=P/Pcr 

hR=ENTHDEP(Tr, Pr) 
h_ideal=11351/Molarmass(CO2) "Table A-20 of the text" 
h_chart=h_ideal-R*Tcr*hR 

R=0.1889 
Error=(h_chart-h_ideal)/h_chart*Convert(, %) 
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12-108 Based on data from the refrigerant-134a tables, the Joule-Thompson coefficient of refrigerant-134a at 0.8 MPa and 
100°C is approximately 


(a) 0 (b) -5°C/MPa (c) 11°C/MPa (d) 8°C/MPa (e) 26°C/MPa 
Answer (c) 11°C/MPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=100 "C" 

P1=800 "kPa" 
h1=ENTHALPY(R134a,T=T1,P=P1) 
Tlow=TEMPERATURE(R134a,h=h1,P=P1+100) 
Thigh=TEMPERATURE(R134a,h=h1,P=P1-100) 
JT=(Tlow-Thigh)/200 


12-109 For a gas whose equation of state is P(v- b) = RT, the specific heat difference c, — cy is equal to 
(a)R (b) R-b (c)R+b (d) 0 (e) R(1 + wb) 
Answer (a) R 


Solution The general relation for the specific heat difference c, - c, is 


2 
di aby (2) (=) 
OT ) p\ Ov) > 


For the given gas, P(v- b)=RT. Then, 


RT (=) R 
v= +b > = 
P 


P ôT P 
_ RT (=) RT __ OP 
v-b dv),  (v—-b)? v-b 


Substituting, 


12-110 --- 12-112 Design and Essay Problems 
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13-2 


Composition of Gas Mixtures 


13-1C The ratio of the mass of a component to the mass of the mixture is called the mass fraction (mf), and the ratio of the 
mole number of a component to the mole number of the mixture is called the mole fraction (y). 


13-2C The mass fractions will be identical, but the mole fractions will not. 

13-3C Yes. 

13-4C Yes, because both CO, and N,O has the same molar mass, M = 44 kg/kmol. 
13-5C No. We can do this only when each gas has the same mole fraction. 


13-6C It is the average or the equivalent molar mass of the gas mixture. No. 


13-7 From the definition of mass fraction, 


neS m  N;Mi _ M; 
Mn NpMm riM 


m 
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13-3 
13-8 A mixture consists of two gases. Relations for mole fractions when mass fractions are known are to be obtained . 
Analysis The mass fractions of A and B are expressed as 
ma NM, Ma Mpg 


mf, = = and mfp = — 
A m, NM, YA i. B Ais 


Where m is mass, M is the molar mass, N is the number of moles, and y is the mole fraction. The apparent molar mass of the 
mixture is 


a _m, _N,M,+N,M5 
earn) N 


m m 


=yV,M,+ygM, 


Combining the two equation above and noting that y, + Yg =1gives the following convenient relations for converting 
mass fractions to mole fractions, 
Mpg 


= and =1- 
YAM, (ime, —) 4M saa 


which are the desired relations. 


13-9 The definitions for the mass fraction, weight, and the weight fractions are 


(mf); = 
M total 

W =mg 

W, 

(wf); = — 


total 


Since the total system consists of one mass unit, the mass of the ith component in this mixture is m;. The weight of this one 
component is then 


W; = g(mf); 
Hence, the weight fraction for this one component is 


g(mf); 


(wD; = <= — = (mf); 
> gm); 
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13-4 


13-10E The moles of components of a gas mixture are given. The mole fractions and the apparent molecular weight are to 
be determined. 


Properties The molar masses of He, Oz, No, and H,O are 4.0, 32.0, 28.0 and 18.0 lbm/lbmol, respectively (Table A-1). 
Analysis The total mole number of the mixture is 


N mn = Nye + Noz + Nevo + Ny =341.54 0.34 2.5 = 7.3 lbmol 


and the mole fractions are 


N 
favs He _ 3lbmol -0.411 
Nm  7.3lbmol 
N 1.5 lbmol 3 lbmol He 
You = i E 7.3lbmol =0.206 1.5 lbmol Oz 
m ` 0.3 Ibmol HO 
y SN N mo = 0.3 Ibmol = 0.0411 2.5 lbmol N> 
mO N,  7.3lbmol 
Ny 2.5lbmol 
= = =0.343 
yey 73lbmol 


m 
The total mass of the mixture is 
Mm = Mye t Moz + Myo + +My 
= NyeM ye + No2M o2 + NupoM mo + Nn2M no 
= (3lbm)(4lbm/Ibmol) + (1.5 Ibm)(32 lbm/Ibmol) + (0.3 lbm)(181bm/Ibmol) + (2.5 lbm)(28 lbm/Ibmol) 
=135.4lbm 
Then the apparent molecular weight of the mixture becomes 


Mm — 135.4lbm 
7.3 lbmol 


Mn= 7 =18.6 Ibm/Ibmol 


m 
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13-5 


13-11 The masses of the constituents of a gas mixture are given. The mass fractions, the mole fractions, the average molar 
mass, and gas constant are to be determined. 


Properties The molar masses of O, No, and CO are 32.0, 28.0 and 44.0 kg/kmol, respectively (Table A-1) 
Analysis (a) The total mass of the mixture is 


Mm =Mo, +My, +Mco, =5kg+8kg +10 kg = 23kg 


Then the mass fraction of each component becomes 


m 
figs = Ot BB gay 
? Ma 2kg 
my, 8k 
mfy, =—2=—8 -0.348 
? mna 23kg 
mco, 10k 
ig È - 0.435 
Mm 23kg 


(b) To find the mole fractions, we need to determine the mole numbers of each component first, 


m 
Nos Ske- 0.186 kel 
? Mo, 32kg/kmol 
m 
ee SKE _ 9.86 kmol 
? My, 28kg/kmol 
m 
No Se 10K8 9.297 kmol 
? Meco, 44kg/kmol 
Thus, 
Nm =No, +Ny, + Nco, = 0.156 kmol + 0.286 kmol + 0.227 kmol = 0.669 kmol 
2 2 2 
and 


No, — 0.156 kmol Ey 


0.233 
Yo: = W, 0.699 kmol 
_ Nw, _0.286kmol 0428 
Yn = w, 0.669kmol 
Nco, 0.227 kmol 
= 0.339 
co, “NW 0.669 kmol 


m 


(c) The average molar mass and gas constant of the mixture are determined from their definitions: 


23 kg 


and 


R,  8.314kJ/kmol-K 


= 34.4 kg/kmol 
0.669 kmol 


= 0.242 kJ/kg: K 
34.4 kg/kmol 
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13-6 


13-12 The mass fractions of the constituents of a gas mixture are given. The mole fractions of the gas and gas constant are 
to be determined. 


Properties The molar masses of CH,, and CO, are 16.0 and 44.0 kg/kmol, respectively (Table A-1) 


Analysis For convenience, consider 100 kg of the mixture. Then the number of moles of each component and the total 
number of moles are 


m 75k 
moy, =75kg —> No, See 8 = 4.688 kmol 
: “ Meo, 16 kg/kmol mass 
m 25 k 
mco. =25kg —> Neo, eas = 8 -0.568 kmol 75% CH, 
oo c M co, 44kg/kmol 25% CO; 


Nm = Ncn, +Nco, = 4.688 kmol + 0.568 kmol = 5.256 kmol 


Then the mole fraction of each component becomes 


Ncn, 4.688 kmol 


= 0.892 or 89.2% 

Ych, 5.256 kmol : 

igo E VEO annie wct0ase 
? N 5.256 kmol 


m 
The molar mass and the gas constant of the mixture are determined from their definitions, 


ia ae OB ikni 


"O Nm 5.256 kmol 


and 
R, _ 8.314 kJ/kmol-K 


R = u = 
™ Mm 19.03 kg/kmol 


= 0.437 kJ/kg-K 


13-13 The mole numbers of the constituents of a gas mixture are given. The mass of each gas and the apparent gas constant 
are to be determined. 


Properties The molar masses of H,, and N, are 2.0 and 28.0 kg/kmol, respectively (Table A-1) 


Analysis The mass of each component is determined from 


Ny, =5kmol —> my, = Ny,My, =(6 kmol)(2.0 kg/kmol)=10 kg 


Ny, =4 kmol —> my, = Ny, My, = (4 kmol\(28 kg/kmol) = 112 kg 


The total mass and the total number of moles are 


Mm =My, +My, =10 kg +112 kg =122 kg 
Nm =Ny, + Ny, =5 kmol + 4 kmol=9 kmol 


The molar mass and the gas constant of the mixture are determined from their definitions, 


122k 
M p =Z" = 448 13.56 kg/kmol 
Nm 9 kmol 
and 
— R, _8.314kJ/kmol -K 


=0.613 kJ/kg -K 
M 13.56 kg/kmol 


m 
m 
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13-14 The mass fractions of the constituents of a gas mixture are given. The volumetric analysis of the mixture and the 
apparent gas constant are to be determined. 


Properties The molar masses of O2, N and CO are 32.0, 28, and 44.0 kg/kmol, respectively (Table A-1) 


Analysis For convenience, consider 100 kg of the mixture. Then the number of moles of each component and the total 
number of moles are 


m 20 k 
mo, =20kg —> No, =— = 8 — 0.625 kmol 
2 2 Mo, 32 kg/kmol 
mass 
My 30 kg 
my, = 20k Npc =1.071 kmol 
N 5 N: My, 28 kg/kmol 20% O; 
30% N2 
m 50k 
% 8 -1,136 kmol 50% CO, 


Mco, = 50 kg > Nco, = 


Mco, 44 kg/kmol 
Nm =No, +Ny, + Nco, =0.625+1.071+1.136 = 2.832 kmol 


Noting that the volume fractions are same as the mole fractions, the volume fraction of each component becomes 


_ No, _ 0.625 kmol 


Yo = 0.221 or 22.1% 
> N,, 2832 kmol 
N 1.071 kmol 
ES MO" = 0.378 or 37.8% 
? Nm 2.832 kmol 
Nco, 1.136 kmol o, 
Yeo; = 0.401 or 40.1% 


N 2.832 kmol 


m 
The molar mass and the gas constant of the mixture are determined from their definitions, 


MoS Mm ELUA =35.31 kg/kmol 
Nm 2.832 kmol 


m 
and 


R_ — Pu _ 8314 kJ/kmol-K 
™ Mpm  35.31kg/kmol 


= 0.235 kJ/kg- K 
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13-7 


13-8 


P-v-T Behavior of Gas Mixtures 


13-15C Normally yes. Air, for example, behaves as an ideal gas in the range of temperatures and pressures at which 
oxygen and nitrogen behave as ideal gases. 


13-16C The pressure of a gas mixture is equal to the sum of the pressures each gas would exert if existed alone at the 
mixture temperature and volume. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-17C The volume of a gas mixture is equal to the sum of the volumes each gas would occupy if existed alone at the 
mixture temperature and pressure. This law holds exactly for ideal gas mixtures, but only approximately for real gas 
mixtures. 


13-18C The P-uT behavior of a component in an ideal gas mixture is expressed by the ideal gas equation of state using 
the properties of the individual component instead of the mixture, P;v, = R;T;. The P-vT behavior of a component in a real 
gas mixture is expressed by more complex equations of state, or by P;ų = Z;RiT;, where Z; is the compressibility factor. 


13-19C Component pressure is the pressure a component would exert if existed alone at the mixture temperature and 
volume. Partial pressure is the quantity y;P,,, where y; is the mole fraction of component i. These two are identical for ideal 
gases. 


13-20C Component volume is the volume a component would occupy if existed alone at the mixture temperature and 
pressure. Partial volume is the quantity y;V,, where y; is the mole fraction of component i. These two are identical for ideal 
gases. 


13-21C The one with the highest mole number. 


13-22C The partial pressures will decrease but the pressure fractions will remain the same. 


13-23C The partial pressures will increase but the pressure fractions will remain the same. 


13-24C No. The correct expression is “the volume of a gas mixture is equal to the sum of the volumes each gas would 


occupy if existed alone at the mixture temperature and pressure.” 
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13-9 


13-25C No. The correct expression is “the temperature of a gas mixture is equal to the temperature of the individual gas 
components.” 


13-26C Yes, it is correct. 


13-27C With Kay's rule, a real-gas mixture is treated as a pure substance whose critical pressure and temperature are 
defined in terms of the critical pressures and temperatures of the mixture components as 


Pion = b YiPu,i and Ters = ` YiTer,i 


The compressibility factor of the mixture (Zm) is then easily determined using these pseudo-critical point values. 


13-28 The partial pressure of R-134a in atmospheric air to form a 100-ppm contaminant is to be determined. 
Analysis Noting that volume fractions and mole fractions are equal, the molar fraction of R-134a in air is 


100 
YR134a =e = 0.0001 
10 
The partial pressure of R-134a in air is then 


Priada = Yri34a Pn = (0.0001)(100 kPa) = 0.01kPa 


13-29 A tank contains a mixture of two gases of known masses at a specified pressure and temperature. The mixture is now 
heated to a specified temperature. The volume of the tank and the final pressure of the mixture are to be determined. 


Assumptions Under specified conditions both Ar and N, can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 


Analysis The total number of moles is 


Nm =Na,+Ny, =0.5kmol+2 kmol = 2.5 kmol 


and 0.5 kmol Ar 
2 kmol N> 
— NmRuTm _ (2.5 kmol)(8.314 kPa -m°/kmol- K)(280 K) _ igo 
i Pa 250 kPa ` 280 K 
250 kPa 
Also, Q 
PV, PY, T 
A o Pep. - 200K (250 kPa) = 357.1 kPa 
T, T, T, 280K 
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13-10 


13-30 The volume fractions of components of a gas mixture are given. The mass fractions and apparent molecular weight 


of the mixture are to be determined. 


Properties The molar masses of H», He, and N; are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 


component are 
My = Np M yp, = (30 kmol)(2 kg/kmol) = 60 kg 
Mye = N HeM pe = (40 kmol)(4kg/kmol) = 160 kg 
Myo = NyoM yo = (380 kmol)(28 kg/kmol) = 840 kg 
The total mass is 


Mm = My +My, + Nyy = 60+160 +840 = 1060 kg 


Then the mass fractions are 


mfa = 2 = ©9%8 _ 0.05660 
m 1060kg 
mf ye = e = 160k8 _ 9.1509 
m,, 1060kg 
mf yy = e = B40K8 _ 9.7925 
Nm, 1060kg 


The apparent molecular weight of the mixture is 


Mm _ 1060 kg 


= 10.60 kg/kmol 


m Ne 100kmol 


30% H> 
40% He 
30% N; 


(by volume) 
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13-31 The partial pressures of a gas mixture are given. The mole fractions, the mass fractions, the mixture molar mass, the 
apparent gas constant, the constant-volume specific heat, and the specific heat ratio are to be determined. 


Properties The molar masses of CO, O, and N, are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-1). The constant- 
volume specific heats of these gases at 300 K are 0.657, 0.658, and 0.743 kJ/kg-K, respectively (Table A-2a). 


Analysis The total pressure is 


Poal = Poon + Pop + Py =12.5 + 37.5 +50 =100 kPa 


The volume fractions are equal to the pressure fractions. Then, 


Partial 
Pies 125 pressures 
Yco2 = p = 100 =0.125 CO,, 12.5 kPa 
total 
Oo, 37.5 kPa 
P, 37.5 
Jas o2 _ 37.5 _9 375 No, 50 kPa 
Protal 100 
P 
jas m B0 
Protal 100 


We consider 100 kmol of this mixture. Then the mass of each component are 
Mco2 = NcooM coz = (12.5 kmol)(44 kg/kmol) = 550 kg 
Moz = NooM o2 = (37.5 kmol)(32 kg/kmol) = 1200 kg 
Myo = NyoM yo = (50 kmol)(28 kg/kmol) = 1400 kg 
The total mass is 
Mm = My2 + Moz + Ma, =550 + 1200 + 1400 = 3150 kg 
Then the mass fractions are 


Mcoz 550kg 


mf =0.1746 
CO? ma 3150kg 
TTE noe = E 9.3810 
Mm 3150 kg 
1400 k 
mfy =M 8 _ 0.4444 


m 3150 kg 


m 
The apparent molecular weight of the mixture is 


M,, = wim = 31508 _ 31 50 kg/kmol 
N 100 kmol 


m 


The constant-volume specific heat of the mixture is determined from 
Cy = ME CoC), cog + Mfo2Cy, 02 + ME n2Cy,no 
= 0.1746 x 0.657 + 0.3810 x 0.658 + 0.4444 x 0.743 
= 0.6956 kJ/kg -K 
The apparent gas constant of the mixture is 


R, — 8.314kJ/kmol-K 
M 31.50 kg/kmol 


= 0.2639 kJ/kg -K 


m 
The constant-pressure specific heat of the mixture and the specific heat ratio are 


Cp =C, +R =0.6956 + 0.2639 = 0.9595 kJ/kg -K 


c : 
k-22- 0.9595 kJ/kg -K -1.379 
c, 0.6956 kJ/kg: K 
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13-32 The mole numbers of combustion gases are given. The partial pressure of water vapor is to be determined. 
Analysis The total mole of the mixture and the mole fraction of water vapor are 


N oral = 0-75 + 1.66 + 5.65 = 8.06 kmol 


N 
mo 166 0.2060 
N 6 


Ymo = 
total 


Noting that molar fraction is equal to pressure fraction, the partial pressure of water vapor is 


Pipo = Y mo Pioni (0-2060)(101.3 kPa) = 20.86 kPa 


13-33 An additional 5% of oxygen is mixed with standard atmospheric air. The molecular weight of this mixture is to be 
determined. 


Properties The molar masses of N, and O; are 28.0 and 32.0 kg/kmol, respectively (Table A-1). 
Analysis Standard air is taken as 79% nitrogen and 21% oxygen by mole. That is, 

Yoo = 0.21 

Ym = 0.79 
Adding another 0.05 moles of O, to 1 kmol of standard air gives 


0.26 
ao 00496 
Yo = 705 


0.79 
Set =0.7524 
YN = T05 


Then, 
M m =Yo2M o2 + Yn M no = 0.2476 x 32 + 0.7524 x 28 = 28.99 kg/kmol 
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13-13 


13-34 The masses, temperatures, and pressures of two gases contained in two tanks connected to each other are given. The 
valve connecting the tanks is opened and the final temperature is measured. The volume of each tank and the final pressure 
are to be determined. 


Assumptions Under specified conditions both N, and O, can be treated as ideal gases, and the mixture as an ideal gas 


mixture 


Properties The molar masses of N, and O, are 28.0 and 32.0 kg/kmol, respectively. The gas constants of N, and O, are 
0.2968 and 0.2598 kPa‘m’/kg:K, respectively (Table A-1). 


Analysis The volumes of the tanks are 


Also, 


Thus, 


mRT (2 kg)(0.2968 kPa - m°/kg - K)(298 K) ; 
Vy. = = = 0.322 
Ne í P i 550 kPa =A 2kg N2 4kg O2 
25°C 25°C 
3 
Uy = mr | _ (4kg)(0.2598 kPa -m*/kg - K)(298 K) _ nines 550 kPa ieo kba 
O> 


P 150 kPa 


Voal = Vn, + Vo, =0.322 m? + 2.065 m° = 2.386 m° 


m 2k 
n = = 8 — = 0.07143 kmol 
My, 28kg/kmol 
m 4k 
No, =—>=— 8 -0,125 kmol 


Mo, 32 kg/kmol 


Nm =Ny, + No, =0.07143 kmol + 0.125 kmol = 0.1964 kmol 


p _(NRuT) _ (0.1964 kmol)(8.314 kPa - m?/kmol - K)(298 K) 


i -( =204kPa 
V Jn 2.386 m 
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13-14 


13-35 The masses of components of a gas mixture are given. The apparent molecular weight of this mixture, the volume it 


occupies, the partial volume of the oxygen, and the partial pressure of the helium are to be determined. 


Properties The molar masses of O», CO2, and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-1). 


Analysis The total mass of the mixture is 


Mm =Mo2 +Mco7 +My, = 0.1414 0.5 =1.6 kg 


The mole numbers of each component are 


Nop = moe = —O1k8 _ _ 9.003125 kmol 
Mo 32kg/kmol 
Nooo = meee = 158 __ - 9.02273 kmol 
Mco? 44kg/kmol 
fag E pads hal 


My. 4kg/kmol 


The mole number of the mixture is 


Nm = No2 + Ncoz + N pe = 0.003125 + 0.02273 + 0.125 = 0.15086 kmol 


Then the apparent molecular weight of the mixture becomes 


M,, =m = 188 __40.61kgikmol 


™ N 0.15086 kmol 


m 


The volume of this ideal gas mixture is 


y, -NmBuT _ (0.1509 kmol)(8.314 kPa m*/kmol-K)(300K) _ 3 764m? 
P 100 kPa 


The partial volume of oxygen in the mixture is 
No v =- 0.003125 kmol 
Nm ™ 0.1509 kmol 


m 


Vor =YooUn = (3.764 m3) = 0.07795 m°? 


The partial pressure of helium in the mixture is 


N He p= 0.125 kmol 


Pie = YuePn = 
Her See ag > adamo 


(100 kPa) = 82.84 kPa 
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13-15 


13-36 The mass fractions of components of a gas mixture are given. The volume occupied by 100 kg of this mixture is to be 
determined. 


Properties The molar masses of CHy, C3Hg, and C4Hj are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-1). 
Analysis The mole numbers of each component are 


Mcp 60 kg 


N = = 3.75 kmol 
CH4 Moya 16 kg/kmol 60% CH, 
mi 25k 25% CH 
Naya = Cons = <P 88 0,5682 kmol 15% CaHio 
M343 © 44 kg/kmol (by mass) 
15k 
N caro aE 8 0.2586 kmol 


M c40 58 kg/kmol 


The mole number of the mixture is 


Nm = Ncya +Neaua +N cai = 3.75 + 0.5682 + 0.2586 = 4.5768 kmol 


The apparent molecular weight of the mixture is 


He OOS i pa anenel 
N 4.5768 kmol 


m 


Then the volume of this ideal gas mixture is 


_N,R,T _ (4.5768 kmol)(8.314 kPa -m*/kmol- K)(310 K) 
© Po 3000 kPa 


Va =3.93 m? 
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13-37E The mass fractions of components of a gas mixture are given. The mass of 7 ft? of this mixture and the partial 
volumes of the components are to be determined. 


Properties The molar masses of N», O», and He are 28.0, 32.0, and 4.0 lbm/Ibmol, respectively (Table A-1E). 


Analysis We consider 100 Ibm of this mixture for calculating the molar mass of the mixture. The mole numbers of each 
component are 


Ns Ne cee es inol 
Myo 28lbm/lbmol 7 f 
Ne tee Sol iab AN> 
Mo, 32lbm/lbmol 35% O» 
20% He 
N pe a Meni aula = 5lbmol (by mass) 


My. 4lbm/lbmol 


The mole number of the mixture is 


Nm =Nyo + Noo + Nye =1.607 +1.094 + 5 = 7.701 Ibmol 


The apparent molecular weight of the mixture is 


y a 2 AOI gabo 


™ N, 7.701 1bmol 


m 
Then the mass of this ideal gas mixture is 


m- PMn _ (300 psia)(7 ft?)(12.99 Ibm/Ibmol) 
R,T (10.73 psia - ft?/Ibmol - R)(520 R) 


= 4,887 Ibm 


The mole fractions are 


Ny 1.607 Ibmol 


= == —— = 0.2087 
YN = Ne 7.701lbmol 
N . 
e o2 _ 1.094 lbmol _ 0.142 
Nm  7.701lbmol 
N 5 Ibmol 
Ype = e -2 MO __ 0.6493 
N 7.701lbmol 


m 


Noting that volume fractions are equal to mole fractions, the partial volumes are determined from 
Vaz = Yno Vn = (0.2087)(7 ft?) = 1.461 ft? 
Voz = Yoz Vn = (0.142)(7 ft?) = 0.994 ft? 
Vise = Y HeVn = (0.6493)(7 ft?) = 4.545 ft? 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


13-17 
13-38 The mass fractions of components of a gas mixture are given. The partial pressure of ethane is to be determined. 
Properties The molar masses of CH, and C2Hg are 16.0 and 30.0 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of this mixture. The mole numbers of each component are 


Na a IS pare eal 
Mcg 16kg/kmol 
m 30 kg 
None = = ——— =1.0 kmol 
C2H6 Mcs 30kg/kmol 70% CH, 
30% C,H, 
The mole number of the mixture is (by mass) 
100 m? 
N m = N cua + N cone = 4.375 + 1.0 = 5.375 kmol 130 kPa, 25°C 


The mole fractions are 


N 4.375 kmol 
Y cH4 cus ana 0.8139 
Nm 9.375 kmol 


Noone 1.0 kmol 
= = = 0.1861 
Yoans ~~ ay 5.375 kmol 


m 


The final pressure of ethane in the final mixture is 


Pons = YoousPm = (0.1861)(130 kPa) = 24.19 kPa 


13-39 A container contains a mixture of two fluids. The volume of the container and the total weight of its contents are to 
be determined. 


Assumptions The volume of the mixture is the sum of the volumes of the two constituents. 
Properties The specific volumes of the two fluids are given to be 0.001 m*/kg and 0.008 m’/kg. 


Analysis The volumes of the two fluids are given by 


V, =m,v, =(1kg)(0.001m*/kg) = 0.001m° 


V, =mpVp = (2 kg)(0.008 m?/kg) = 0.016 m? 1 kg fluid A 
B BVB = (2 kg)( g) 2 kg fluid B 


The volume of the container is then 


V =V, +V; =0.001+0.016 = 0.017 m? 
The total mass is 

m=M,+Mp, =1+2=3kg 
and the weight of this mass will be 


W = mg =(3kg)(9.6 m/s”) = 28.8 kg - m/s? = 28.8 N 
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13-40E A mixture consists of liquid water and another fluid. The specific weight of this mixture is to be determined. 
Properties The densities of water and the fluid are given to be 62.4 Ibm/ft’ and 50.0 Ibm/ft’, respectively. 


Analysis We consider 1 ft? of this mixture. The volume of the water in the mixture is 0.7 ft? which has a mass of 
m,, = PwV,, = (62.4 Ibm/ft?)(0.7 ft?) = 43.68 Ibm 


The weight of this water is 


0.7 ft? water 


1lbf 
32.174 lbm- ft/s? 


W,, = m„g = (43.68 lbm)(31.9 tus? ) = 43.31 lbf 0.3 fë fluid 


Similarly, the volume of the second fluid is 0.3 ft, and the mass of this fluid is 
m pş = p pV = (50 lbm/ft*)(0.3 ft?) =15 Ibm 
The weight of the fluid is 


11bf 
32.174 lbm- ft/s? 


W; =m;g = (15lbm)(31.9 tus? = 14.87 lbf 


The specific weight of this mixture is then 


Wy +tWe _ (43.31414.87) lbf 


—— = 58.2 Ibfift? 
Vo +V; (0.7 + 0.3) ft 


13-41 The mole fractions of components of a gas mixture are given. The mass flow rate of the mixture is to be determined. 
Properties The molar masses of air and CH, are 28.97 and 16.0 kg/kmol, respectively (Table A-1). 


Analysis The molar fraction of air is 


Yar =1-—Ycy4 = 1-70.15 = 0.85 15% CH, 
The molar mass of the mixture is determined from 85% air 
M m = YouaM cua + Yair air (by mole) 
= 0.15x16 + 0.85 x 28.97 
= 27.02 kg/kmol 


Given the engine displacement and speed and assuming that this is a 4-stroke engine (2 revolutions per cycle), the volume 
flow rate is determined from 


_ nV, _ (3000 rev/min)(0.005 m°) 
2 2 rev/cycle 


=7.5m°?/min 


v 
The specific volume of the mixture is 


_ R,T _ (8.314kPa-m?/kmol-K)(293K) 


=1.127 m*/kg 
M „P (27.02 kg/kmol)(80 kPa) 


Hence the mass flow rate is 


_V_ 75mĉ°/Mmin 


3 = 6.65 kg/min 
V 1.127 m?/kg 
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13-42E The volumetric fractions of components of a natural gas mixture are given. The mass and volume flow rates of the 
mixture are to be determined. 


Properties The molar masses of CH, and C2Hg are 16.0 and 30.0 lbm/lbmol, respectively (Table A-1E). 
Analysis The molar mass of the mixture is determined from 


M „ =YcuaM cra + YoousM cone = 0.95x16 + 0.05 x30 = 16.70 Ibm/Ibmol 


The specific volume of the mixture is 


R T  (10.73psia-ft?/Ibmol-R)(520 R 95% CH, 
UR i 16 oar Jb T a = 3.341% bm á 5% C2H6 
e (16. m/Ibmol\ psia) ‘ey palin) 


The volume flow rate is 


mb? (36/12 ft)? 


V=AV= mae (10 ft/s) = 70.69 ft?/s 


and the mass flow rate is 


_V _ 70.69 ft?/s 


; = 21.16 Ibm/s 
Vv 3.341ft°/lbm 
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13-43 @® The mole numbers, temperatures, and pressures of two gases forming a mixture are given. The final 
temperature is also given. The pressure of the mixture is to be determined using two methods. 


Analysis (a) Under specified conditions both Ar and N; will considerably deviate from the ideal gas behavior. Treating the 
mixture as an ideal gas, 


_ (6)(230 K) 
~ (2)(280 K) 


Initial state: P,V, = N R,T, | N,T, 
= 


; = A (3 MPa) = 7.39 MPa 
Finalstate: P,V, = N R,T, NIT, 


(b) Initially, 


T, 280K 

Tr a 1 eg 2 kmol Ar 
oe Za, =0.985 (Fig. A-15 or EES) 280 K 
P, 3MPa 


Pp = 


3 MP 
-0.6173 a 
Paa 4.86 MPa 


Then the volume of the tank is 


y —2NarRuT _ (0.985)(2 kmol)(8.314 kPa - m?/kmol - K)(280 K) 


=1.529 m° 

P 3000 kPa 
After mixing, 
T, 230 K 
Tp a == =1.523 
Ar Taar 151.0 K 
V_/N 
a a =—— = a a PR =0.496 (Fig. A-15 or EES) 
R, Tovar / Paar R, Tor,Ar / Paar 
B (1.529 m?)/(2 kmol) 
(8.314 kPa - m?/kmol - K)(151.0 K)/(4860 kPa) 
T, 230 K 
Tk n, = = = 1.823 
vee To.N, 126.2 K 
Vn V,,/ Nn 
Nz: Van, = 2 = Pp =1.43 (Fig. A-15 or EES) 
R, Ton, / Pan, Ry Ton, / Pan, 
7 (1.529 m?)/(4 kmol) ATR 
(8.314 kPa - m?/kmol - K)(126.2 K)/(3390 kPa) l 
Thus, 
Pa, = (PRPa ) ar = (0.496)(4.86 MPa) = 2.41 MPa 
Py, = (PrP. )n, = (1.43)(3.39 MPa) = 4.85 MPa 
and 


Pn = Pa, + Py, = 2.41 MPa + 4.85 MPa = 7.26 MPa 
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EES 
13-44 Problem 13-43 is reconsidered. The effect of the moles of nitrogen supplied to the tank on the final pressure 
of the mixture is to be studied using the ideal-gas equation of state and the compressibility chart with Dalton's law. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

R_u = 8.314 [kJ/kmol-K] "universal Gas Constant" 

T_Ar = 280 [K] 

P_Ar = 3000 [kPa] "Pressure for only Argon in the tank initially." 
N_Ar = 2 [kmol] 

{N_N2 = 4 [kmol]} 

T_mix = 230 [K] 


T_cr_Ar=151.0 [K] "Critical Constants are found in Table A.1 of the text" 
P_cr_Ar=4860 [kPa] 

T_cr_N2=126.2 [K] 

P_cr_N2=3390 [kPa] 

"Ideal-gas Solution:" 

P_Ar*V_Tank_IG = N_Ar*R_u*T_Ar "Apply the ideal gas law the gas in the tank." 
P_mix_IG*V_Tank_IG = N_mix*R_u*T_mix "Ideal-gas mixture pressure" 
N_mix=N_Ar + N_N2 "Moles of mixture" 

"Real Gas Solution:" 

P_Ar*V_Tank_RG = Z_Ar_1*N_Ar*R_u*T_Ar "Real gas volume of tank" 
T_R=T_Ar/T_cr_Ar "Initial reduced Temp. of Ar" 

P_R=P_Ar/P_cr_Ar "Initial reduced Press. of Ar" 


Z_Ar_1=COMPRESS(T_R, P_R ) "Initial compressibility factor for Ar" 
P_Ar_mix*V_Tank_RG = Z_Ar_mix*N_Ar*R_u*T_mix "Real gas Ar Pressure in mixture" 
T_R_Ar_mix=T_mix/T_cr_Ar "Reduced Temp. of Ar in mixture" 
P_R_Ar_mix=P_Ar_mix/P_cr_Ar "Reduced Press. of Ar in mixture" 
Z_Ar_mix=COMPRESS(T_R_Ar_mix, P_R_Ar_mix ) "Compressibility factor for Ar in mixture" 
P_N2_mix*V_Tank_RG = Z_N2_mix*N_N2*R_u*T_mix "Real gas N2 Pressure in mixture" 
T_R_N2_mix=T_mix/T_cr_N2 "Reduced Temp. of N2 in mixture" 
P_R_N2_mix=P_N2_mix/P_cr_N2 "Reduced Press. of N2 in mixture" 
Z_N2_mix=COMPRESS(T_R_N2_mix, P_R_N2_mix ) "Compressibility factor for N2 in mixture" 
P_mix=P_R_Ar_mix*P_cr_Ar +P_R_N2_mix*P_cr_N2 "Mixture pressure by Dalton's law. 23800" 
Nn2 Prnix Prnix,iG 15000 T T T a a a ar T T 
[kmol] [kPa] [kPa] Solution Method ] 
1 3647 3696 13000 J 
2 4863 4929 —>ldeal Gas 
3 6063 6161 ] 
4 7253 7393 11000} —°=Chart J 
5 8438 8625 F | 
6 9626 9857 ~ 9000 J 
7 10822 11089 £ 
8 12032 12321 a 
9 13263 | 13554 7090 J 
10 14521 14786 
5000 4 
3000 1 fi fi fi 1 fi 1 1 1 fi 


Nya [kmol] 
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13-45E The mass fractions of gases forming a mixture at a specified pressure and temperature are given. The mass of the 
gas mixture is to be determined using four methods. 

Properties The molar masses of CH, and C2H6 are 16.0 and 30.0 lbm/lbmol, respectively (Table A-1E). 


Analysis (a) We consider 100 Ibm of this mixture. Then the mole numbers of each component are 


Ni, = E = aarsibmol 
M çy, 16lbm/lbmol 
Noge i a b 5 gaa inol 75% CH, 
M cys 30 lbm/lbmol 25% C-H 
; j (by mass) 
The mole number of the mixture and the mole fractions are 2000 psia 


300°F 


N „ = 4.6875 + 0.8333 = 5.5208 lbmol 


N 4.6875 Ibmol 
Yous = 4 = me" = 0.8491 
Nm 9.9208 lbmol 
N $ 
— Noone _ 0.8333lbmol _ 0.1509 


Yous ~~ ~ 5.5208lbmol 


m 
Then the apparent molecular weight of the mixture becomes 


Mm _  1001bm 
Nm 5.5208 lbmol 


Mn = =18.11]bm/lbmol 


The apparent gas constant of the mixture is 


R, _ 10.73psia-ft*/Ibmol-R 


R = 
M 18.11]bm/lbmol 


= 0.5925 psia - ft?/Ibm-R 


m 
The mass of this mixture in a 1 million ft? tank is 


PV (2000 psia)(1x10° ft?) 
RT (0.5925 psia - ft?/lbm - R)(760 R) 


= 4.441x10° Ibm 


(b) To use the Amagat’s law for this real gas mixture, we first need the compressibility factor of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A-15 to be 


T 760 R 
Lay = = 2.210 Tp C2H6 = ZORY- 1.382 
Tacu 343.9R 2 549.8R 
p ; Zcy4 = 0.98 ; Zoong = 0.77 
B 2000 psia P _ 1500 psia _ 5 449 
Prom = 5 = ence 2 R,C2H6 ~ “Sop psia C 
cr,CH4 psia psia 
Then, 
Zim = > YiZi = Ycm4Ž cua + YoousZ cone = (0.8491)(0.98) + (0.1509)(0.77) = 0.9483 
i 6 53 
2E PV _ (2000 psia)(1x10° ft”) - 4.684x10ê Ibm 
ZmRT (0.9483)(0.5925 psia - ft?/lbm- R)(760 R) 
(c) To use Dalton’s law with compressibility factors: (Fig. A-15) 
Tr c4 = 2.210 
Y,,/ 1x10° ft?)/(4.441x10° x0.75 Ib Zcn4 = 9.98 
VR cH = pee = us ut x 2 a) = 0.8782 ue 


Renal o.cua / PucHa (0.6688 psia ° ft?/Ibm ° R)(343.9 R)/(673 psia) 
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13-23 
Tr cne = 1:382 


V,,/Mcong  __-——«(1X10° ft? )/(4.441x10° x 0.25 Ibm) 25 Z cua =0.92 


VR,C2H6 = a - 244 

RT acns / Pe,cous (0.3574 psia - ft’/Ibm - R)(549.8 R)/(708 psia) 

Note that we used m = 4.441x10° x 0.25 lbm in above calculations, the value obtained by ideal gas behavior. The solution 
normally requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained 
by multiplying the mass of the mixture by its mass fraction. Then, 


Zm = > YiZi =YouaZ ca + Yczms Z cons = (0-8491)(0.98) + (0.1509)(0.92) = 0.9709 


+ 6 ¢,3 
mee sae (2000 psia)(1x10° ft?) Aea bin 
ZmRT — (0.9709)(0.5925 psia - ft?/lbm- R)(760 R) 


This mass is sufficiently close to the assumed mass value of 4.441x10° x 0.25 lbm. Therefore, there is no need to repeat the 
calculations at this calculated mass. 


(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of gases. 


Tam = > YiTai = Yens Te,ch + Y czs Ter,c2H6 
= (0.8491)(343.9 R) + (0.1509)(549.8 R) = 375.0 R 


Pon = ` Yi Peri = Y cn4Per,cha + Yoons Per,cone 
= (0.8491)(673 psia) + (0.1509)(708 psia) = 678.3 psia 


Then, 

T 

Tp =—"-= 760R _ 5 097 
Tig  375.0R 
- Sos Zm = 0.97 (Fig. A-15) 

Pe =— tet a gag 
Pos 678.3 psia 
PV 2000 psia)(1x10° ft? 

m= = OOO pela ) = 4.579x10° Ibm 


ZmRT — (0.97)(0.5925 psia - ft?/Ibm - R)(760 R) 
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13-46 The volumetric analysis of a mixture of gases is given. 
using three methods. 


13-24 


The volumetric and mass flow rates are to be determined 


Properties The molar masses of O2, No, CO», and CH; are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-1). 


Analysis (a) We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of 


each component are 
Moz = No2M o2 = (30 kmol)(32 kg/kmol) = 960 kg 
My2 = NyoM np = (40 kmol)(28 kg/kmol) = 1120 kg 
Mco2 = Nco2M coz = (10 kmol)(44 kg/kmol) = 440 kg 
Mena = N cu4M cp4 = (20 kmol)(16 kg/kmol) = 320 kg 


The total mass is 
Mm = Moz + My2 + Mcoz + McH4 
= 960 +1120 + 440 +320 = 2840 kg 
The apparent molecular weight of the mixture is 


_ Mn _ 2840kg 
N„ 100kmol 


= 28.40 kg/kmol 


m 
m 


The apparent gas constant of the mixture is 


_ R, _ 8.314kJ/kmol-K 
M 28.40 kg/kmol 


= 0.2927 kJ/kg -K 


m 


The specific volume of the mixture is 


y a RT _ (0.2927 kPa-m*/kg - K)(288 K) 


30% O2 
40% N2 
10% CO, 


20% CH, 
(by volume) 


Mixture 
8 MPa, 15°C 


= 0.01054 m?/kg 


P 8000 kPa 
The volume flow rate is 
2 2 
UV = ay = P y = 20.02 m)" e3 m/s) = 0.0009425 m/s 


and the mass flow rate is 


_ V _ 0.0009425 m*/s 
0.01054 m?/kg 


= 0.08942 kg/s 
Vv 


(b) To use the Amagat’s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 
mixture temperature and pressure. The compressibility factors are obtained using Fig. A-15 to be 


T 288K 
Tro: == =1.860 288K _ 9982 
""  Ty,o2 154.8 K RN? 1262K 
: ; Zo = 0.95 aS Znz = 0.99 
pages oO PAL Gays Pp x2 = a = 2.360 
02 Pao: 5.08 MPa N2 "3.39 MPa 
288K 288K 
R,CO2 ~ 304.9 K aK = 0.947 R,CH4 II ik =1.507 
Zcoz = 0.199 ; Zona = 0.85 
= MEA 15083 sM 
RCO? 739MPa ` RCHA 4 64MPa ` 
and 


Zm = YZ = YooZo2 + YooZo2 + Yco24co2 + YcuaZ cna 
= (0.30)(0.95) + (0.40)(0.99) + (0.10)(0.199) + (0.20)(0.85) = 0.8709 
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Then, 


Z,,RT  (0.8709)(0.2927 kPa- m°/kg - K)(288 K 
polo OE am MERECER _ 9 909178 m2/kg 
P 8000 kPa 


V =0.0009425 m?/s 


_V _ 0.0009425 m?/s 
v 0.009178 m?/kg 


= 0.10269 kg/s 


(c) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of mixture gases. 


' — _ 
Tom = > YiTa,i = Yorte,o2 + YnoTe,n2 +Y cozTer,co2 + YouaTer,cua 


= (0.30)(154.8 K) + (0.40)(126.2 K) + (0.10)(304.2 K) + (0.20)(191.1K) = 165.6 K 
Poem = p2 YiPor,i = YozPa,o2 + +¥n2Per,n2 + ¥co2Per,coz + Ycn4Per,cHa 


= (0.30)(5.08 MPa) + (0.40)(3.39 MPa) + (0.10)(7.39 MPa) + (0.20)(4.64 MPa) = 4.547 MPa 


and 
T 
Pye ls Ss ares 
Tọn  165.6K 
= aoe Zm = 0.92 (Fig. A-15) 
Pe =— =" _ -1759 
P 4.547 MPa 
cr,m 
Then, 


Z „RT (0.92)\(0.2927 kPa-m?/kg - K)(288 K 
gaen E y ee Dee a is CS). gad ke 
P 8000 kPa 


V =0.0009425 m?/s 


_ WV _ 0.0009425 mř/s 
v 0.09694 m?/kg 


= 0.009723 kg/s 
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Properties of Gas Mixtures 


13-47C Yes. Yes (extensive property). 


13-48C No (intensive property). 


13-49C The answers are the same for entropy. 


13-50C Yes. Yes (conservation of energy). 


13-51C We have to use the partial pressure. 


13-52C No, this is an approximate approach. It assumes a component behaves as if it existed alone at the mixture 
temperature and pressure (i.e., it disregards the influence of dissimilar molecules on each other.) 
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13-53 The volume fractions of components of a gas mixture are given. This mixture is heated while flowing through a tube 
at constant pressure. The heat transfer to the mixture per unit mass of the mixture is to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of O2, N2, CO», and CH; are 32.0, 28.0, 44.0, and 16.0 kg/kmol, respectively (Table A-1). The 
constant-pressure specific heats of these gases at room temperature are 0.918, 1.039, 0.846, and 2.2537 kJ/kg-K, 
respectively (Table A-2a). 


Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 
Moz = No2M o2 = (30 kmol)(82 kg/kmol) = 960 kg 
My2 = NyoM no = (40 kmol)(28 kg/kmol) = 1120 kg 
Mco2 = Ncoz2M coz = (10 kmol)(44 kg/kmol) = 440 kg 
Mcya = N cu4M cy, = (20 kmol)(16 kg/kmol) = 320 kg 


The total mass is qin 
m, =m +m +m +m — 
i = o uo Moor a 150 kPa BOO SON 150 kPa 
See eee te R 10% CO, 20% CH, ——» shee 


= 2840 kg 20°C (by volume) 


Then the mass fractions are 


miaa r = SOU NS, 26 3389 
m, 2840kg 

nipa ea AE ayagi 
m, 2840kg 

mige oe AO sg 
m, 2840kg 

mia a A i 
m„ 2840kg 


The constant-pressure specific heat of the mixture is determined from 


Cp = Mfo2C p02 + MÊN2C p, N2 + MfCo2Cp,co2 + MfcH4C p,cH4 
= 0.3380 x 0.918 + 0.3944 x 1.039 + 0.1549 x 0.846 + 0.1127 x 2.2537 
=1.1051kJ/kg-K 
An energy balance on the tube gives 


qin = Cp (Ty -T,) = 0.1051 kJ/kg - K)(200 — 20) K = 199 kJ/kg 
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13-54E A mixture of helium and nitrogen is heated at constant pressure in a closed system. The work produced is to be 
determined. 

Assumptions 1 Helium and nitrogen are ideal gases. 2 The process is reversible. 
Properties The mole numbers of helium and nitrogen are 4.0 and 28.0 Ibm/Ibmol, respectively (Table A-1E). 


Analysis One Ibm of this mixture consists of 0.35 Ibm of nitrogen and 0.65 Ibm of helium or 0.35 Ibm/(28.0 Ibm/Ibmol) = 
0.0125 Ibmol of nitrogen and 0.65 Ibm/(4.0 Ibm/Ibmol) = 0.1625 lbmol of helium. The total mole is 0.0125+0.1625=0.175 
Ibmol. The constituent mole fraction are then 


Ny _ 0.0125 lbmol 


= = 0.07143 
nN 0.175 Ibmol 
N 5 
fee cae 0.1625 lbmol _ 0.9286 
Nota 0.175 lbmol 35% N, 
The effective molecular weight of this mixture is 65% He Q 
(by mass) 
M = YyoM wo + YueM ne 100 psia, 100°F 


= (0.07143)(28) + (0.9286)(4) 
= 5.714 lbm/lbmol 


The work done is determined from 
2 
w= [ Pav = P,v, — Pv, = R(T, -T,) 
1 


R, 1.9858 Btu/lbmol - R 
= (T, -T,)= 
M 5.714 lbm/lbmol 


(500 —100)R = 139.0 Btullbm 
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13-55 The volume fractions of components of a gas mixture are given. This mixture is expanded isentropically to a 
specified pressure. The work produced per unit mass of the mixture is to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of H,, He, and N, are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-1). The constant- 
pressure specific heats of these gases at room temperature are 14.307, 5.1926, and 1.039 kJ/kg-K, respectively (Table A- 


2a). 


Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 


component are 
My = NaM pp = (0 kmol)(2 kg/kmol) = 60 kg 
Mye = NyeM pe = (40 kmol)(4kg/kmol) = 160 kg 
Myo = NyoM yo = (30 kmol)(28 kg/kmol) = 840 kg 
The total mass is 


Mm = My2 +My +My? = 60 +160 +840 = 1060 kg 


Then the mass fractions are 


fig ea ONS iski 
m„ 1060kg 
160 k 
mf ye = HE 8 _ 0.1509 
m,  1060kg 
Figg = Ne BAD 29.7095 
m,, 1060kg 


The apparent molecular weight of the mixture is 


Mm 1060 kg 
Nm 100 kmol 


M = 10.60 kg/kmol 


m 


The constant-pressure specific heat of the mixture is determined from 


P 
= 0.05660 x 14.307 + 0.1509 x 5.1926 + 0.7925 x 1.039 


= 2.417 kJ/kg -K 


C= Me yC p H2 +mMf HeC p He + mf yoC p,n2 


The apparent gas constant of the mixture is 


R ; 
R= eens siio K 
Mn 10.60 kg/kmol 


Then the constant-volume specific heat is 


Cy =C, —R=2.417—-0.7843 = 1.633 kJ/kg-K 


The specific heat ratio is 


The temperature at the end of the expansion is 


(k-1)/k 0.48/1.48 
P. 
T =T — = (873 Kee | =307K 
P, 5000 kPa 


An energy balance on the adiabatic expansion process gives 


Wout = Cp (T, T3) = (2.417 KJ/kg K)(873—307) K = 1368 kJ/kg 


30% H2 
40% He 
30% No 


(by volume) 
5 MPa, 600°C 
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13-56 The mass fractions of components of a gas mixture are given. This mixture is enclosed in a rigid, well-insulated 
vessel, and a paddle wheel in the vessel is turned until specified amount of work have been done on the mixture. The 
mixture’s final pressure and temperature are to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N», He, CHy, and C2Hg are 28.0, 4.0, 16.0, and 30.0 kg/kmol, respectively (Table A-1). The 
constant-pressure specific heats of these gases at room temperature are 1.039, 5.1926, 2.2537, and 1.7662 kJ/kg-K, 
respectively (Table A-2a). 


Analysis We consider 100 kg of this mixture. The mole numbers of each component are 


15k 

Ny An ae 0.5357 kmol 
Myo 28kg/kmol 
m 

Niue = 8 _1.25kmol 5% He 
Mite: “keno 60% CH, 
Mcna 60 kg 20% C2H6 x 

N cm = = ————_ =3.75 kmol (by mass) 
Mey, 16kg/kmol o 
20k 
Noone = Mame a 2 Be 4s 0.6667 kmol 200 kPa 

Moye  30kg/kmol 20°C 


The mole number of the mixture is 


N m =Nyot+Nye + Neusat Nco = 0.5357 +1.25 +3.75 + 0.6667 = 6.2024 kmol 


The apparent molecular weight of the mixture is 


Mm 100 kg 
N 6.2024 kmol 


=16.12 kg/kmol 


m 
m 


The constant-pressure specific heat of the mixture is determined from 
Cp =MÊN2Cp,N2 + Mf HeC p He + ME CHAC p, cua + ME CoH6C p,c2H6 


= 0.15x1.039 +0.05 x 5.1926 + 0.60 x 2.2537 + 0.20 x1.7662 
= 2.121 kJ/kg -K 


The apparent gas constant of the mixture is 


R ; 
B u _ 8.134kJ/kmol-K _ 0.5158 kJ/kg : K 
M 16.12 kg/kmol 


m 
Then the constant-volume specific heat is 


cy =C, —R=2.121-0.5158 =1.605 kJ/kg: K 


The mass in the container is 


PV (200 kPa)(10 m?) 
n= a= — ~~ = 13.23 kg 
RT, (0.5158 kPa-m”/kg - K)(293 K) 
An energy balance on the system gives 
Wa; 
Wain = MaCs (T -T,) —>T) =T, +— = (293 K) + pas = 297.7 K 
MnCy (13.23 kg)(1.605 kJ/kg - K) 


Since the volume remains constant and this is an ideal gas, 


297.7 K 
293K 


= 203.2 kPa 


T. 
P, = P, + = (200 kPa) 
T, 
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13-57 Propane and air mixture is compressed isentropically in an internal combustion engine. The work input is to be 
determined. 


Assumptions Under specified conditions propane and air can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 


Properties The molar masses of C3Hg and air are 44.0 and 28.97 kg/kmol, respectively (TableA-1). 


Analysis Given the air-fuel ratio, the mass fractions are determined to be 


AF 16 
mfa =——— = — = 0.9412 
AF+1 17 
1 1 
mfc., = = — = 0.05882 
>28 AF+1 17 
The molar mass of the mixture is determined to be ie Propane 
1 1 Air 
M,, = = = 29.56 kg/kmol 
ae Waa ee 0.9412 0.05882 p poate 


M Mou 28.97 kg/kmol 44.0 kg/kmol 
3°*8 


The mole fractions are 


M 29.56 kg/kmol 
Yair = Mf gi, — = (0.9412) ees = 0.9606 
air 28.97 kg/kmol 
M 29.56 kg/kmol 
Your, =Mfc,y, ——2~ = (0.05882) 2 8 O Z 0,03944 
Mon, 44.0 kg/kmol 


The final pressure is expressed from ideal gas relation to be 


T T 
P, = Pr = (95kPa)(9.5) ———*—_ = 2.977T, (1) 
T, (30 +273.15) K 


since the final temperature is not known. Using Dalton’s law to find partial pressures, the entropies at the initial state are 
determined from EES to be: 


T =30°C, P = (0.9606 x 95) = 91.26 kPa —> Sarı = 5.7417 kJ/kg.K 
T =30°C, P = (0.03944x95) = 3.75 kPa —> Sc,n,.1 = 6.7697 kJ/kg.K 
The final state entropies cannot be determined at this point since the final pressure and temperature are not known. 


However, for an isentropic process, the entropy change is zero and the final temperature and the final pressure may be 
determined from 


AS total z Mf air AS air + mfc, ASc.H, =0 


and using Eq. (1). The solution may be obtained using EES to be 
T» = 654.9 K, P, = 1951 kPa 
The initial and final internal energies are (from EES) 


U sin, = 216.5 kJ/kg Uair 2 = 477.1kJ/kg 


T, = 30°C —> T, = 654.9 K —> 
: Uc,H,1 =—2404 KJ/kg z Uc,Hy,2 = —1607 kJ/kg 


Noting that the heat transfer is zero, an energy balance on the system gives 


din + Win = Aun, > Win = Au, 


where Aum = Mf air Uair,2 —Uair) + Mfc,n, UcyHy,2 TUCH.) 


Substituting, Wi, = Au,, =(0.9412)(477.1— 216.5) + (0.05882)|(—1607) — (-2404)]= 292.2 kJ/kg 


L 
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13-58 The moles, temperatures, and pressures of two gases forming a mixture are given. The mixture temperature and 
pressure are to be determined. 


Assumptions 1 Under specified conditions both CO, and H; can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The tank is insulated and thus there is no heat transfer. 3 There are no other forms of work involved. 


Properties The molar masses and specific heats of CO. and H; are 44.0 kg/kmol, 2.0 kg/kmol, 0.657 kJ/kg.°C, and 10.183 
kJ/kg.°C, respectively. (Tables A-1 and A-2b). 


Analysis (a) We take both gases as our system. No heat, work, or mass 
crosses the system boundary, therefore this is a closed system with Q = 0 
and W = 0. Then the energy balance for this closed system reduces to 


Ein E E out = AE system 25 kmol > l 
.o kmo 7.5 kmo 
P RT APANE 200 kPa 400 kPa 

0 =[me, (Tn = Ti Ico, + lev Tm — Thi, 27°C 40°C 


Using c, values at room temperature and noting that m = NM, the final 
temperature of the mixture is determined to be 


(2.5x 44 kg {0.657 kJ/kg -°C\T,, —27°C)+(7.5x 2 kg {10.183 kJ/kg -°C\T,, — 40°C) = 0 
T,, =35.8°C (308.8 K) 


(b) The volume of each tank is determined from 


NRT, (2.5 kmol)(8.314 kPa -m?/kmol - K)(300 K) 5 
co, = = = 31.18 m 
2 Pi Jao 200 kPa 
2 
NR,T. 7.5 kmol)(8.314 kPa -m°/kmol- K)(313 K 
ph A) Nit _ (7.5 kmol)( a-m*/kmol- K)( ) L 48.79 m3 
2 Pi Jy 400 kPa 
2 
Thus, 
Va = Veo, +Va, =31.18 m? + 48.79 m? = 79.97 m? 
Nm = Nco, + Np, = 2.5 kmol + 7.5 kmol = 10.0 kmol 
and 
p_ —NmRuTm _ (10.0 kmol)(8.314 kPa - m?/kmol - K)(308.8 K) _ Siia 


m 


Vm 79.97 m? 
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13-59 The mass fractions of components of a gas mixture are given. This mixture is compressed in a reversible, isothermal, 
steady-flow compressor. The work and heat transfer for this compression per unit mass of the mixture are to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of CH4, C3Hg, and C4H0 are 16.0, 44.0, and 58.0 kg/kmol, respectively (Table A-1). 


Analysis The mole numbers of each component are 


Nig = cae, = ONS = a sand 
Mcp, 16kg/kmol 
E = 79 "8 __ 9.5682 kmol 
Mosayg 44 kg/kmol 
Nesp = cso. = OE __ _ 9.2586 kmol 
Mcanig 98 kg/kmol 


The mole number of the mixture is 


N m = Nena + Nesus +N camo 
= 3.75 + 0.5682 + 0.2586 = 4.5768 kmol 


The apparent molecular weight of the mixture is 


_ 100kg 
4.5768 kmol 


= 21.85 kg/kmol 


The apparent gas constant of the mixture is 


R, _ 8.314kJ/kmol-K 
M 21.85 kg/kmol 


= 0.3805 kJ/kg : K 


m 


For a reversible, isothermal process, the work input is 


P 
wi, = RT In| £2 | = (0.3805 kJ/kg - K)(293 K)In| 1000 KPa 
P 100k 


A Pa 


An energy balance on the control volume gives 


70 (steady) =0 
system = 


E mie E out AE 
Rate of net energy transfer 


—— 
Rate of change in internal, kinetic, 
by heat, work, and mass 


potential, etc. energies 


Èn a Ezi 

mh, +W = mh, + Qout 

Win — Qou =M(hz ~My) 

Win “qow =Cp(T2-T1) =0 since T, =T, 
Win = out 


That is, 
dout = Win = 257 kJ/kg 


1 MPa 
60% =) 
25% C3Hg 
15% C4H0 

(by mass) 


O 


100 kPa 
20°C 


dout 


) = 257 kJ/kg 
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13-60 The volume fractions of components of a gas mixture during the expansion process of the ideal Otto cycle are given. 
The thermal efficiency of this cycle is to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N», O2, H2O, and CO; are 28.0, 32.0, 18.0, and 44.0 kg/kmol, respectively (Table A-1). 
The constant-pressure specific heats of these gases at room temperature are 1.039, 0.918, 1.8723, and 0.846 kJ/kg-K, 
respectively. The air properties at room temperature are cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, k = 1.4 (Table A-2a). 


Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 


Myo = NyoM yo = (30 kmol)(28 kg/kmol) = 840 kg 
Moo = NozM o2 = (10 kmol)(32 kg/kmol) = 320 kg 


30% N, 
Mmo = N mo M mo = (35 kmol)(18 kg/kmol) = 630 kg 10% O, 
Mco2 = NcozM coz = (25 kmol)(44 kg/kmol) = 1100 kg 35% H,O 
25% CO, 
The total mass is (by volume) 
Mm = My2 +Mo7 + My20 + Mco2 
= 840+ 320 +630 +1100 
= 2890 kg 


Then the mass fractions are 


mf yp = EN MOKE _ 9.0007 
m,, 2890kg 
Cif gg SOO a SONNE 2g 107 
m, 2890kg 
mf yoo = 2. = S80KB _ 9.2180 
m, 2890kg 
1100k 
Mico =O =~ 8 = 0.3806 
m„ 2890kg 


The constant-pressure specific heat of the mixture is determined from 


Cp = ME nC p n2 +Mf02Cp,02 + Mf y20C p20 + Mf co2€ p,co2 
= 0.2907 x 1.039 + 0.1107 x 0.918 + 0.2180 x 1.8723 + 0.3806 x 0.846 
=1.134kJ/kg -K 


The apparent molecular weight of the mixture is 


Mm 2890kg 
N 100 kmol 


= 28.90 kg/kmol 


m 
m 


The apparent gas constant of the mixture is 


R 3 
M,, 28.90 kg/kmol 


Then the constant-volume specific heat is 


Cy =C, -R =1.134- 0.2877 = 0.846 kJ/kg: K 
The specific heat ratio is 


Cc 
ee eae) 
c, 0.846 


v 


The average of the air properties at room temperature and combustion gas properties are 
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C pave = 0.5(1.134+1.005) = 1.070 KJ/kg -K 
Cy avg = 0-5(0.846 + 0.718) = 0.782 kJ/kg -K 
kaye = 0.5(1.34+1.4) =1.37 


avg 


These average properties will be used for heat addition and rejection processes. For compression, the air properties at room 
temperature and during expansion, the mixture properties will be used. During the compression process, 


T, =T,r* =(288K)(8)°* = 662K 
During the heat addition process, 


din = Cv,avg (T3 — T2 ) = (0.782 kJ/kg - K)(1373 - 662) K = 556 kJ/kg 
During the expansion process, 
1) 1° 
T, =T; (=) = (1373 ofi) =636.1K 
r 8 
During the heat rejection process, 
Gout = Cv avg (T4 -T1 ) = (0.782 kJ/kg - K)(636.1- 288) K = 272.2 kJ/kg 


The thermal efficiency of the cycle is then 


pa <1— don 272-2 Kg _ 
din 556 kJ/kg 


0.511 
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13-61 The thermal efficiency of the cycle in the previous problem is to be compared to that predicted by air standard 
analysis. 


Assumptions Air-standard assumptions are applicable. 
Properties The air properties at room temperature are cp = 1.005 kJ/kg-K, c, = 0.718 kJ/kg-K, k = 1.4 (Table A-2a). 


Analysis In the previous problem, the thermal efficiency of the cycle 
was determined to be 0.511 (51.1%). The thermal efficiency with air- 
standard model is determined from 

T 


1 
Nin =1 =1 =0.565 
th rk- 0-4 


which is greater than that calculated with gas mixture analysis in the 
previous problem. 
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13-62E The volume fractions of components of a gas mixture passing through the turbine of a simple ideal Brayton cycle 
are given. The thermal efficiency of this cycle is to be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N», O2, H2O, and CO; are 28.0, 32.0, 18.0, and 44.0 Ibm/lbmol, respectively (Table A-1E). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 0.219, 0.445, and 0.203 Btu/lbm-R, 
respectively. The air properties at room temperature are c, = 0.240 Btu/lbm-R, c, = 0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea). 


Analysis We consider 100 Ibmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 
My = Ny M yo = (20 lbmol)(28 Ibm/Ibmol) = 560 lbm 20% N>, 5% O> 
Moz = NooM o2 = (5 lbmol)(32 Ibm/Ibmol) = 160 Ibm 35% H20, 40% CO, 
Myo = N po M yoo = (35 Ibmol)(18 Ibm/Ibmol) = 630 Ibm (by volume) 
Mcoz = NcozM cop = (40 Ibmol)(441bm/Ibmol) = 1760 Ibm | 


The total mass is 
My = My2 +tMo2 + My20 + Meo 
= 560 +160 + 630 +1760 h 
= 3110 lbm 


Then the mass fractions are 


mf yy = 2 _ 60 Ibm _ 9 1901 


M m ~ 31101bm 
Mo, _ 160lbm 
Mm  3110lbm 
_ Mmo _ 630lbm 
Mm 3110lbm 
_ Mco2 _ 17601bm _ 
Mm 3110 lbm 


mfg, = =0.05145 


= 0.2026 


0.5659 


The constant-pressure specific heat of the mixture is determined from 


Cp =Mfy2C p n2 + Mfo2Cp,02 + MYC p, m20 + Mf co2C p,cor 
= 0.1801 x 0.248 + 0.05145 x 0.219 + 0.2026 x 0.445 + 0.5659 x 0.203 
= 0.2610 Btu/lbm-R 


The apparent molecular weight of the mixture is 
_ Mm _ 3110lbm 
™ N, 100lbmol 


m 


= 31.10 lbm/lbmol 


The apparent gas constant of the mixture is 


pecs Wises Bumol = 0.06385 Brwibac R 
Mm 31.10 lbm/lbmol 


Then the constant-volume specific heat is 


Cy =C, — R=0.2610 — 0.06385 = 0.1971 Btu/lbm - R 


The specific heat ratio is 


Cp 0.2610 _ 


c, 0.1971 ` 


The average of the air properties at room temperature and combustion gas properties are 
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C p avg = 0-5(0.2610 + 0.240) = 0.2505 Btu/lbm - R 
Cy avg = 0.5(0.1971+ 0.171) = 0.1841 Btu/lbm - R 
kaye = 0.5(1.324 + 1.4) =1.362 


avg 


These average properties will be used for heat addition and rejection processes. For compression, the air properties at room 
temperature and during expansion, the mixture properties will be used. During the compression process, 


p (k-1)/k 
T, = (2 = (500 R)(6)°“""* =834.3R 
1 
During the heat addition process, 
qin = €p avg (T3 — T2) = (0.2505 Btu/Ibm - R)(1860 — 834.3) R = 256.9 Btu/Ibm 


During the expansion process, 
(k-1)/k 0.362/1.362 
P, 1 
T; =T3| — = (1860 R) — =1155.3R 
P, 6 
During the heat rejection process, 
Gout = C p avg (T4 — T,) = (0.2505 Btu/lbm - R)(1155.3 — 500) R =164.2 Btu/Ibm 
The thermal efficiency of the cycle is then 


Gout 1 164.2 Btu/lbm 
qin 256.9 Btu/lbm 


= 0.361 = 36.1% 


Mn =1 
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13-63E The thermal efficiency of the cycle in the previous problem is to be compared to that predicted by air standard 
analysis? 


Assumptions Air-standard assumptions are applicable. 


Properties The air properties at room temperature are c, = 0.240 Btu/lbm-R, c, = 0.171 Btu/Ibm-R, k = 1.4 (Table A-2Fa). 


Analysis In the previous problem, the thermal efficiency of the cycle T 
was determined to be 0.361 (36.1%). The thermal efficiency with air- 3 
standard model is determined from 1860 R q 
1 1 2 
My =1 TENI =1- —jz = 0.401 = 40.1% : 
r 6 7 
P 4 4 
z 
. . . . . . 500 R ú 
which is greater than that calculated with gas mixture analysis in the 1 out 
previous problem. s 
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13-64E The mass fractions of a natural gas mixture at a specified pressure and temperature trapped in a geological location 
are given. This natural gas is pumped to the surface. The work required is to be determined using Kay's rule and the 


enthalpy-departure method. 

Properties The molar masses of CH, and C2Hg are 16.0 and 30.0 lbm/lbmol, respectively. The critical properties are 343.9 
R, 673 psia for CH, and 549.8 R and 708 psia for C)H, (Table A-1E). The constant-pressure specific heats of these gases at 
room temperature are 0.532 and 0.427 Btu/lbm-R, respectively (Table A-2Ea). 


Analysis We consider 100 lbm of this mixture. Then the mole numbers of each component are 


Nous = INGA, „Sa bm = 4.6875 lbmol 
Mcya 16lbm/lbmol 
Neowe =c = __25!bM____ 9 9333 1bmol 75% CH 
CHE AF as 30lbm/Ibmol 25% CoH, 
2416 


(by mass) 
2000 psia 
N m = 4.6875 + 0.8333 = 5.5208 lbmol 300°F 


The mole number of the mixture and the mole fractions are 


Neya 4.6875 lbmol 
Y CH4 
Nm 5.9208 Ibmol 


— Noone _ 0.8333 1bmol _ 
Youu’ ~~ 5.5208 Ibmol 


= 0.8491 


0.1509 


m 
Then the apparent molecular weight of the mixture becomes 


i is ET 


™ —N, 5.5208 lbmol 


m 
The apparent gas constant of the mixture is 


R, — 1.9858 Btu/lbmol-R 
Mm 18.11]bm/lbmol 


= 0.1097 Btu/Ibm-R 


The constant-pressure specific heat of the mixture is determined from 


Cp = MEcHaC peua + ME Con6l p,cong = 9-75 0.532 + 0.25x 0.427 = 0.506 Btu/lbm: R 


To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture using 
the critical point properties of gases. 


Tam = ae Vile = Vcnaler,cha + Yoousl c,cone 
= (0.8491)(343.9 R) + (0.1509)(549.8 R) = 375.0 R 


Pom = oy Yi Pari = Yona Percha + ¥o2u6Per,cone 
= (0.8491)(673 psia) + (0.1509)(708 psia) = 678.3 psia 


The compressibility factor of the gas mixture in the reservoir and the mass of this gas are 


T 760R 


Tsetse = 2.027 
Tim 375.0R 
s ee Z m = 0.963 (Fig. A-15) 
peste. L PA 7949 
Pam 678.3 psia 
2000 psia)(1x10° ft? 
PV (2000 psia)(1x ) = 4,612 10° Ibm 


m= Se = ee 
ZmRT — (0.963)(0.5925 psia - ft?/Ibm- R)(760 R) 


The enthalpy departure factors in the reservoir and the surface are (from EES or Fig. A-29) 
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T 
TA E y 

T}, 375.0R 

eae Z, = 0.703 
Py a ee = 9949 

Po 678.3 psia 
r -Im 660R _ 
P Tia 375.0R ` 

Saas Z, = 0.0112 
Pp = = = 09,0295 

P 678.3 psia 

cr,m 


The enthalpy change for the ideal gas mixture is 

(hy — hy Jideat = Cp (Ti — T2 ) = (0.506 Btu/Ibm- R)(760 — 660)R = 50.6 Btu/Ibm 
The enthalpy change with departure factors is 

hy —hy = (hy — hg Dideat — RT om (Zn -—Zn2) 


= 50.6—(0.1096)(375)(0.703— 0.0112) 
= 22.12 Btu/lbm 


The work input is then 


Win =m(h, — h, ) = (4.612 10° Ibm)(22.12 Btu/Ibm) = 1.02x10° Btu 
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13-65E D A gas mixture with known mass fractions is accelerated through a nozzle from a specified state to a specified 
pressure. For a specified isentropic efficiency, the exit temperature and the exit velocity of the mixture are to be 
determined. 


Assumptions 1 Under specified conditions both N and CO, can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The nozzle is adiabatic and thus heat transfer is negligible. 3 This is a steady-flow process. 4 Potential energy 
changes are negligible. 

Properties The specific heats of Ny and CO; are Cp.n2 = 0.248 Btu/lbm.R, Cynz2 = 0.177 Btu/lbm.R, Cp,co2 = 0.203 Btu/lbm.R, 
and Cyco2 = 0.158 Btu/lbm.R. (Table A-2E). 


Analysis (a) Under specified conditions both N, and CO, can be treated as ideal gases, and the mixture as an ideal gas 
mixture. The cp, c,, and k values of this mixture are determined from 


Com = > mfjc,; =Mfy,Cpn, +Mfco,¢p,co, 
= (0.65\(0.248) + (0.35)(0.203) 


= 0.2323 Btu/lbm-R 
60 psia 65% N 
Cum = Y mije =mfy, Cyn, +Mfco, Cv,co, an R ~~ 35% CO, ——>12 psia 


= (0.65X0.177)+ (0.35)(0.158) 
= 0.1704 Btu/lbm-R 
Cpm _ 0.2323 Btu/lbm:R _ 
m eym 0.1704 Btu/lbm-R 


v,m 


1.363 


Therefore, the N2-CO, mixture can be treated as a single ideal gas with above properties. Then the isentropic exit 
temperature can be determined from 


P (k-1)/k 12 psia 0.363/1.363 

i 

T,, =T,| => = (1400 R] 2” =911.7 R 
P, 60 psia 


From the definition of isentropic efficiency, 
1400 -T, 


h -h c (T, -T. 
Aa G) > 0.88 = > T, =970.3 R 
h -h c (T -Tə;) 1400 — 911.7 


1N 


(b) Noting that, q = w = 0, from the steady-flow energy balance relation, 


En E Eon = AE #0 (steady) _ 0 


system 
Ein =E 
hy +V? /2=hy +V /2 
20 
Ve =v 
0=c,(T, T,) z -= 


25,037 ft?/s? 


V, = ,/2c, (T; -T,) = ,|2(0.2323 Btu/bm - R {1400 - 970.3) R| £= — > | = 2236 ft/s 
1 Btu/lbm 
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a>) 
13-66E Problem 13-65E is reconsidered. The problem is first to be solved and then, for all other conditions being 
the same, the problem is to be resolved to determine the composition of the nitrogen and carbon dioxide that is required to 
have an exit velocity of 2200 ft/s at the nozzle exit. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
mf_N2=0.65 
mf_CO2=1-mf_N2 
P1=60 [psia] 
T1=1400 [R] 
Vel1=0 [ft/s] 
P2=12 [psia] 
eta_N=0.88 
"Vel2=2200 [ft/s]" 


"Properties" 

c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
c_p_CO2=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 
MM_N2=28 [lbm/Ibmol] 
MM_CO2=44 [Ibm/lbmol] 


"Analysis" 


c_p_m=mf_N2*c_p N2+mf_CO2*c_p CO2 
c v m=mf N2*c v N2+mf CO2*c v CO2 


k_m=c_p_m/c_v_m 


T2_s=T1*(P2/P1)\((k_m-1)/k_m) 


eta_N=(T1-T2)/(T1-T2_s) 


O=c_p_m*(T2-T1)+(Vel2*2-Vel1*2)/2*Convert(ft*2/s*2, Btu/lbm) 


N_N2=mf_N2/MM_N2 
N_CO2=mf_CO2/MM_CO2 
N_total=N_N2+N_CO2 
y_N2=N_N2/N_ total 
y_CO2=N_CO2/N_total 


SOLUTION of the stated problem 


c_p_CO2=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/Ibm-R] 
eta_N=0.88 

mf_N2=0.65 
N_CO2=0.007955 

P1=60 [psia] 

T2=970.3 [R] 

Vel2=2236 [ft/s] 


c_p_m=0.2323 [Btu/lbm-R] 
c_v_m=0.1704 [Btu/lbm-R] 
k_m=1.363 

MM_CO0O2=44 [lbm/Ibmol] 
N_N2=0.02321 

P2=12 [psia] 

T2_s=911.7 [R] 
y_CO2=0.2552 


SOLUTION of the problem with exit velocity of 2200 ft/s 


c_p_CO2=0.203 [Btu/lbm-R] 
c_v_CO2=0.158 [Btu/lbm-R] 
eta_N=0.88 

mf_N2=0.566 
N_CO2=0.009863 

P1=60 [psia] 

T2=976.9 [R] 

Vel2=2200 [ft/s] 
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c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
mf_CO2=0.35 
MM_N2=28 [lbm/lbmol] 
N_total=0.03117 

T1=1400 [R] 

Vel1=0 [ft/s] 

y_N2=0.7448 


c_p_N2=0.248 [Btu/lbm-R] 
c_v_N2=0.177 [Btu/lbm-R] 
mf_CO2=0.434 
MM_N2=28 [lbm/lbmol] 
N_total=0.03008 

T1=1400 [R] 

Vel1=0 [ft/s] 

y_N2=0.6721 
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13-67 A mixture of hydrogen and oxygen is considered. The entropy change of this mixture between the two specified 
states is to be determined. 


Assumptions Hydrogen and oxygen are ideal gases. 
Properties The gas constants of hydrogen and oxygen are 4.124 and 0.2598 kJ/kg-K, respectively (Table A-1). 
Analysis The effective gas constant of this mixture is 


R= mf po Ry + Mf o2 Roo = (0.33)(4.1240) + (0.67)(0.2598) = 1.5350 kJ/kg -K Since the temperature of the two 
states is the same, the entropy change is determined from 


S» s, = -RIn 22. = -(1.5350 kJ/kg-K) In to MP8 _ 2,470 kalkg-K 
2751 g g 
P, 750 kPa 


13-68 A piston-cylinder device contains a gas mixture at a given state. Heat is transferred to the mixture. The amount of 
heat transfer and the entropy change of the mixture are to be determined. 


Assumptions 1 Under specified conditions both H, and N, can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 Kinetic and potential energy changes are negligible. 


Properties The constant pressure specific heats of H, and N, at 450 K are 14.501 kJ/kg.K and 1.049 kJ/kg.K, respectively. 
(Table A-2b). 


Analysis (a) Noting that P = P; and V = 24, 


PV, PY, W, 
—— = — T, =—T, = 2T, = (2 X300 K )= 600 K 
T, T, > 45 v 1 1 ( X ) 


From the closed system energy balance relation, 


Ein — Eout = AE Scan 


In 


Qin —Wpot =AU > OQ, =AH 


since W, and AU combine into AH for quasi-equilibrium constant pressure processes. 


Qin = AH = AH 1, a AH y, = [mc p ave (T, 4 T; Jla, T [mc p ave (T, E T; Ie 


= (0.5 kg (14.501 kJ/kg -K {600 —300)K + (1.6 kg)(1.049 kJ/kg - K (600 - 300)K 
= 2679kJ 


(b) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
the mixture during this process is 


#0 
T. P. T. 
ASy, =[m(s, - si )la, =My, i In Rln 7 | = My, fe In z) 
H H, 


600 K 
300 K 


= (0.5 kg (14.501 kJ/kg -K)In 
=5.026 kJ/K 


#0 
T. P. T. 
ASN, =[m(s; -s1 )ly, =My, ę ees = Mn, > 5 z) 
N N, 


1 1 1 
2 


600 K 
300 K 


= (1.6 kg)(1.049 kJ/kg -K)In 
=1.163 kJ/K 


AS otal =ASy, + ASN, = 5.026 kJ/K + 1.163 kJ/K = 6.19 kJ/K 


total 7 
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13-69 @® The temperatures and pressures of two gases forming a mixture in a mixing chamber are given. The mixture 
temperature and the rate of entropy generation are to be determined. 
Assumptions 1 Under specified conditions both C,H, and CH, can be treated as ideal gases, and the mixture as an ideal gas 
mixture. 2 The mixing chamber is insulated and thus there is no heat transfer. 3 There are no other forms of work involved. 
3 This is a steady-flow process. 4 The kinetic and potential energy changes are negligible. 
Properties The specific heats of C2H, and CH; are 1.7662 kJ/kg.°C and 2.2537 kJ/kg.°C, respectively. (Table A-2b). 
Analysis (a) The enthalpy of ideal gases is independent of pressure, and thus the 
two gases can be treated independently even after mixing. Noting that 15°C 
W = Q=0, the steady-flow energy balance equation reduces to 6kg/s C,H, X% 
. . . v0 d 
Ein -E out = system pee 0 
Ein = Eor Pad 
> m;h; = > Mehe 60°C CH, 
, , , , 3 kg/s AO 
0= Yi rahe = S rah, = Nc H, (h, — h; hen + Mcu, (h, — h; Jes 
0 = c, (T, z T; Ve, + linc, (T, E T; los 
Using c, values at room temperature and substituting, the exit temperature of the mixture becomes 
0 = (6 kg/s 1.7662 kJ/kg -°C)(T,, — 15°C) + (3 kg/s {2.2537 kJ/kg - °C\T,, — 60°C) 
Tn =32.5°C (305.5 K) 
(b) The rate of entropy change associated with this process is determined from an entropy balance on the mixing chamber, 


$$ cg = AS cua,” =0 


system 


300 kPa —> 


Sin = Sout 
[ra(s, = 52)lc,u, HACS: -$> Vcr, +Sgen =0 
Sgen =[M(S3 — 51)]c,n, +iCS2 - 5, lon, 


The molar flow rate of the two gases in the mixture is 


; 7 6 kg/ 
Nou, = i = ae 0.2 kmol/s 
26 (M CGH, 30 kg/kmol 


4.5 kg/ 
Nash = SS __ 0.1875 kmol/s 
+ \M Joy, 16 kg/kmol 


Then the mole fraction of each gas becomes 


0.2 
n A | 24 
Yes = 99 40.1875 
0.1875 
eae Aes 
YCHs = 9 40.1875 


Thus, 


T. YPm,2 T. 
(S2 — Sy) c,H, [er ln a Rln z l efe, ln riny) 
1 1 JOH, 1 C,H, 


305.5 K 


= (1.7662 kJ/kg - K) In" — (0.2765 kJ/kg - K) In(0.5161) = 0.2872 kJ/kg -K 


T. YPm,2 T. 
(Sy - S1)cn, -fer In = Rin a l -|e In Riny] 
1 1 CH, 1 CH, 
305.5 K 
333 K 


Noting that Pm =P,, =300kPa and substituting, 


= (2.2537 kJ/kg - K) In — (0.5182 kJ/kg - K) In(0.4839) = 0.1821 kJ/kg : K 


S gen = (6 kg/s {0.2872 kJ/kg - K)+ (3 kg/s\(0.1821 kJ/kg - K) = 2.27 kW/K 
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EES 
13-70 Problem 13-69 is reconsidered. The effect of the mass fraction of methane in the mixture on the mixture 
temperature and the rate of exergy destruction is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

"I: C2H6, 2: CH4" 

m_dot_total=9 [kg/s] 

"mf_CH4=0.3333" 

mf_C2H6=1-mf_CH4 
m_dot_1=mf_C2H6*m_dot_total 
m_dot_2=mf_CH4*m_dot_total 
T1=(15+273) [K] 

T2=(60+273) [K] 

P=300 [kPa] 

TO=(25+273) [K] 

"Properties" 

c_p_1=1.7662 [kJ/kg-K] 

c_p_2=2.2537 [kJ/kg-K] 

R_1=0.2765 [kJ/kg-K] 

R_2=0.5182 [kJ/kg-K] 

MM_1=30 [kg/kmol] 

MM_2=16 [kg/kmol] 

"Analysis" 
O0=m_dot_1*c_p_1*(T3-T1)+m_dot_2*c_p_2*(T3-T2) 
N_dot_1=m_dot_1/MM_1 
dot_2=m_dot_2/MM_2 
dot_total=N_dot_1+N_dot_2 
1=N_dot_1/N_dot_total 
y_2=N_dot_2/N_dot_total 
DELTAs_1=c_p_1*In(T3/T1)-R_1*In(y_1) 
DELTAS _2=c_p_2*In(T3/T2)-R_2*In(y_2) 
S_dot_gen=m_dot_1*DELTAs_ 1+m_dot_2*DELTAs 2 
X_dot_dest=TO*S dot_gen 


N 
N 
y. 


Mfrs T3 Mig le a a 
[K] [kW] i i 
0 288 0 330 a 
0.1 | 293.6 376.4 L | 
0.2 | 298.9 555.4 320 
0.3 | 303.9 655.8 
0.4 | 308.7 701.4 Z aol j 
0.5 | 313.2 702.5 =, 310 
0.6 | 317.6 663.6 M H - 
0.7 | 321.7 585.4 300 
0.8 | 325.6 464.6 | | 
0.9 | 329.4 290.2 in 
1 333 | 0.09793 
D0 lori ey ge ge pe ge ap ee op pe 
(0) 0.2 0.4 0.6 0.8 1 
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800 


T1—1—T rrr 
700 


X dest [kw] 


mfcH4 
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13-71E In an air-liquefaction plant, it is proposed that the pressure and temperature of air be adiabatically reduced. It is to 
be determined whether this process is possible and the work produced is to be determined using Kay's rule and the 
departure charts. 


Assumptions Air is a gas mixture with 21% O, and 79% N,, by mole. 


Properties The molar masses of O, and N, are 32.0 and 28.0 lbm/Ibmol, respectively. The critical properties are 278.6 R, 
736 psia for O, and 227.1 R and 492 psia for N, (Table A-1E). 


Analysis To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the 
mixture using the critical point properties of gases. 


, 
Tom = Faile = Yo2la,02 + Yn2Ter,n2 


21% O» 
= (0.21)(278.6 R) + (0.79)(227.1R) = 237.9 R 79% N, 
Pim = DvP. = YooPe,o2 + YnoPer,n2 ee 
sia 
= (0.21)(736 psia) + (0.79)(492 psia) = 543.2 psia ae 


The enthalpy and entropy departure factors at the initial and final states are (from EES) 


T, 
Tosa OE 5105 
Term 237.9 R Zm =0.725 
AN Pm _ 1500 psia _ 471 Z =0.339 
Pm 432.2 psia 
T, 
Tro ama > BUR ea 
Tom 237.9R Zh = 0.0179 
P 15 psi Z 2 = 0.00906 
Poo som a 0057. 


P 432.2 psia 


cr,m 
The enthalpy and entropy changes of the air under the ideal gas assumption is (Properties are from Table A-17E) 


(hy — h; idea) = 85.97 — 119.48 = -33.5 Btu/lbm 


15 
1500 


= 0.2370 Btu/lbm-R 


P 
(S> — S1 )igea = SS — s? Rik > = 0.50369 — 0.58233 — (0.06855) In 
1 


With departure factors, the enthalpy change (i.e., the work output) and the entropy change are 


Wout = hy — Ay = (h; — hy) ideal — RT, (Zn -Zp2) 
= 33.5 — (0.06855)(237.9)(0.725 — 0.0179) = 22.0 Btu/lbm 


S2 — S1 = (S2 — S1 Jide — R(Zs2 — Zs1) 
= 0.2370 — (0.06855)(0.00906 — 0.339) = 0.2596 Btullbm-R 


The entropy change in this case is equal to the entropy generation during the process since the process is adiabatic. The 
positive value of entropy generation shows that this process is possible. 
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13-72 Heat is transferred to a gas mixture contained in a piston cylinder device. The initial state and the final temperature 
are given. The heat transfer is to be determined for the ideal gas and non-ideal gas cases. 


Properties The molar masses of H, and N; are 2.0, and 28.0 kg/kmol. (Table A-1). 
Analysis From the energy balance relation, 
Fin ~ Eon =AE 
Qin — Wo,our = AU 
Qn =AH =AHy, + AH, = Ny, (Ry -ħi Ja, + Nn, (Ry -M ) 


N2 


since W, and AU combine into AH for quasi-equilibrium constant pressure processes 


m 

Nu, = ce NEED a 3 kmol 
My,  2kg/kmol 
m 

Ny, E S 0.75 kmol 


~My, 28kg/kmol 


(a) Assuming ideal gas behavior, the inlet and exit enthalpies of H and N, are determined from the ideal gas tables to be 


= hero = 4,535.4 kJ /kmol, h, = h@209 x = 5,669.2 kJ /kmol 


= hero x = 4,648 kJ /kmol, hy = he 200 x = 5,810 kJ /kmol 
Thus,  Q;iaeai = 3 x (5,669.2 — 4,535.4) + 0.75 x (5,810 — 4,648) = 4273 kJ 


(b) Using Amagat's law and the generalized enthalpy departure chart, the enthalpy change of each gas is determined to be 


T 
Tany o -160 _ 4805 
L Toa 333 : 
Zn = 
P 5 : , 
Hz: Prin, PrR,,H, P p 130 3.846 (Fig. A-29) 
Crt ` Zh =0 
2 
T 200 
Tp u, =— =—— = 6.006 
He Tag, as 


T, 
Ta R m,1 160 1.27 
TA ER 126.2 
Z, =13 
N P P Fn z 1.47 ' (Fig. A-29) 
2 RN, RN, © p 3 339 8- 
EN, > Z, =0.7 
2 
A Tm2 200 
BRS? Toan, 126.2 
Therefore, 


(h — h Ja, = (2 — hi Jii, iget = 5,669.2 -4,535.4 = 1,133.8KJ/kmol 
(h, EF h, ie = R Ter (z h` Zh, + (h, ~ hy ai 
= (8.314kPa-m3/kmol - K)(126.2K)(1.3—0.7) + (5,810 — 4,648)kJ/kmol = 1,791.5kJ/kmol 


Substituting, 
Q, = (3 kmol (1,133.8 kJ/kmol) + (0.75 kmol)(1,791.5 kJ/kmol) = 4745 kJ 
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13-73 Heat is transferred to a gas mixture contained in a piston cylinder device discussed in previous problem. The total 
entropy change and the exergy destruction are to be determined for two cases. 


Analysis The entropy generated during this process is determined by applying the entropy balance on an extended system 
that includes the piston-cylinder device and its immediate surroundings so that the boundary temperature of the extended 
system is the environment temperature at all times. It gives 


Sin = Sout + S gen = AS system 
Qin Qin 
T + Sgen z AS water > Sgen = m(S» T Sı) z T 
boundary surr 


Then the exergy destroyed during a process can be determined from its definition X destroyed = ToS gen - 


(a) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of 
a component in the mixture during this process is 


20 
T, P. T; 
AS; -mfes In5-- Rin =mcp, In 
1 1 dj 1 


Assuming ideal gas behavior and using c, values at the average temperature, the AS of H, and N> are determined from 


200 K 
AS 1, ideal = (6 kg 13.60 kJ/kg-K) In aok 71822 kJ/K 
200 K 
AS y, ideal = (21 kg 1.039 kJ/kg - K)In TaD KK 7 487 WK 
and 
4273 kJ 
S yen = 18.21 KJ/K + 4.87 KJ/K - = 8.98kJ/K 
303 K 


X destroyed = ToS gen = (303 K)(8.98 kJ/K) = 2721 kJ 


(b) Using Amagat's law and the generalized entropy departure chart, the entropy change of each gas is determined to be 


T, 160 
Tra, == = 4.805 
ne To Ck 
, Z, =1 
P 1 
Hp: P P m z 3.846 (Table A-30) 
PHa Mi Pom, 130 
mH 1 Z, =1 
2 
T, 200 
Tp u, =— = =6.006 
e E 


Thus H; can be treated as an ideal gas during this process. 


T 
Tore eaa 
Ne aa. 02 
Z, =0.8 
P 1 
N: Pa ye = Pung m=? 4475 (Table A-30) 
he Se g © 889 oh chee 
Sy 
T, 200 
Ta y aae 1.585 
De Tae. 0 
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Therefore, 


ASh, z ASH, ideal =18.21 kJ/K 


ASN, > Nn, R, (z so Zs, i ASN, ‚ideal 
= (0.75 kmol)(8.314 kPa -m?/kmol - K)(0.8— 0.4) + (4.87 kJ/K) 
= 7.37 kJ/K 


— 4745 kJ 
AS surr z Qsur = ——— = -15.66 kJ/K 
To 303K 


and 


4745 kJ 
Sen = 18.21 kJ/K + 7.37 KJ/K -——— = 9.92 kJ/K 
303 K 


X destroyed = ToS gen = (303 K)(9.92 kJ/K) = 3006 kJ 


gen 
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13-74 Air is compressed isothermally in a steady-flow device. The power input to the compressor and the rate of heat 
rejection are to be determined for ideal and non-ideal gas cases. 


Assumptions 1 This is a steady-flow process. 2 The kinetic and potential energy changes are negligible. 
Properties The molar mass of air is 28.97 kg/kmol. (Table A-1). 
Analysis The mass flow rate of air can be expressed in terms of the mole numbers as 


m 1.75 kg/s 
M 28.97 kg/kmol 


= 0.06041 kmol/s 


(a) Assuming ideal gas behavior, the Ah and As of air during this process is 


Ah =0 (isothermal process) 


#0 
T. P P 
AS=c,In— = -R, In—=-R, In 
1 1 P, 
ee 290 K 
=~(8.314 kJ/kg - K) In = -11.53 kJ/kmol - K 2 MPa 
2 MPa 


Disregarding any changes in kinetic and potential energies, the steady-flow energy balance equation for the isothermal 
process of an ideal gas reduces to 


Én E 70 (steady) =0 


= AE system 
Ein = È out 

Win + Nhy = Qou + Nh, 

Win = Qour = NAR” = 0 —> Win = Qout 


out 


Also for an isothermal, internally reversible process the heat transfer is related to the entropy change by 

O = TAS = NTAS, 
Q = NTAS = (0.06041 kmol/s{290 K)(— 11.53 kJ/kmol: K)=—201.9kW > Q, =201.9 kW 

Therefore, 
Win = Qout = 201.9 kW 

(b) Using Amagat's law and the generalized charts, the enthalpy and entropy changes of each gas are determined from 
hy — hy = R, Tor (Zn, = Zp) + (hy =h Diea 


S2 — Sy = R, (Zs = Zo, )+ (C E S1 Jideal 


where 
Pe =M 2 0,59 
RO Pan, 339 
E em Z), =0.1154, Z, =0.05136 
Nz: Tr, =Tp, T m 2.298 (Figures A-29 and A-30 or EES) 
any 1262 Zn, =0.4136, Z,, =0.1903 
Pe -2 28 236 
o Pan, 3839 


Note that we used EES to obtain enthalpy and entropy departure factors. The accurate readings like these are not possible 
with Figures A-29 and A-30. EES has built-in functions for enthalpy departure and entropy departure factors in the 
following format: 
Z_h1=ENTHDEP(T_R1, P_R1) "the function that returns enthalpy departure factor" 
Z_s1=ENTRDEP(T_R1, P_R1) "the function that returns entropy departure factor" 
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P, 2 
P, =— =—*_=0,3937 
1 Pao, 5.08 
td Pn Zp, = 0.1296, Z, = 0.05967 
Oz: Tr, =Tp, m 5 1.873 (Figures A-29 and A-30 or EES) 
Fen. 12% Z,,, = 0.4956, Z,, = 0.2313 
Pro 8 
Pp, = = =1.575 
Po, 5.08 
Then, 
hy — hy = y;Ah; = yu, (ho — hyn, + Yo, (hy - ho, 
= (0.79)(8.314)(126.2)(0.1154 — 0.4136) + (0.21)(8.314)(154.8)(0.1296 — 0.4956) +0 
= —346.1 kJ/kmol 
Sy = 51 = yj AS; = Yn, (S2 — 51) nN, + Yo, (S2 - S1)0, 
= (0.79)(8.314)(0.05136 — 0.1903) + (0.21)(8.314)(0.05967 — 0.2313) + (-11.53) 
=-12.74 kJ/kmol-K 
Thus, 


Qout =-NTAS = -(0.06041 kmol/s {290 K)(—12.74 kJ/kmol- K)= 223.2 kw 


E = E = AE 0 (steady) -0 


out 
Ein = Egi 

Win + Nh, = Qon F; Nh, 
Win =Qout + N(hy — h, ) —> W,, = 223.2 kW + (0.06041 kmol/s)(-346.1 kJ/kmol) = 202.3 kW 


in system 
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g 
13-75 Problem 13-74 is reconsidered. The results obtained by assuming ideal behavior, real gas behavior with 
Amagat's law, and real gas behavior with EES data are to be compared. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
y_N2=0.79 
y_O2=0.21 
T=290 [K] 
P1=2000 [kPa] 
P2=8000 [kPa] 
m_dot=1.75 [kg/s] 


"Properties" 

R_u=8.314 [kPa-m^3/kmol-K] 
M_air=molarmass(air) 
T_cr_N2=126.2 [K] 
T_cr_O2=154.8 [K] 
P_cr_N2=3390 [kPa] 
P_cr_O2=5080 [kPa] 


"Analysis" 


"Ideal gas" 

N_dot=m_dot/M_air 

DELTAh_ideal=0 "isothermal process" 
DELTAs_ideal=-R_u*In(P2/P1) "isothermal process" 
Q_dot_in_ideal=N_dot*T*DELTAs_ideal 
W_dot_in_ideal=-Q_dot_in_ideal 


“Amagad's law" 

T_R1_N2=T/T_cr_N2 

P_R1_N2=P1/P_cr_N2 

Z_h1_N2=ENTHDEP(T_R1_N2, P_R1_N2) "the function that returns enthalpy departure factor" 

_S1_ N2=ENTRDEP(T_R1_N2, P_R1_N2) "the function that returns entropy departure factor" 

_R2_N2=T/T_cr_N2 

| R2_N2=P2/P_cr_N2 

_h2_N2=ENTHDEP(T_R2_N2, P_R2_N2) "the function that returns enthalpy departure factor" 

_S2_N2=ENTRDEP(T_R2_N2, P_R2_N2) "the function that returns entropy departure factor" 

_R1_02=T/T_cr_O2 

_R1_02=P1/P_cr_02 

_h1_O2=ENTHDEP(T_R1_02, P_R1_O2) "the function that returns enthalpy departure factor" 

_$1_O2=ENTRDEP(T_R1_O02, P_R1_O2) "the function that returns entropy departure factor" 
2_O02=T/T_cr_O2 

2_O02=P2/P_cr_O2 

Z_h2_O2=ENTHDEP(T_R2_O2, P_R2_O2) "the function that returns enthalpy departure factor" 

Z_s2_O2=ENTRDEP(T_R2_02, P_R2_O2) "the function that returns entropy departure factor" 

DELTAh=DELTAh_ideal-(y_N2*R_u*T_cr_N2*(Z_h2_N2-Z_h1_N2)+y_O02*R_u*T_cr_O2*(Z_h2_O2-Z_h1_O2)) 

DELTAsS=DELTAs_ideal-(y_N2*R_u*(Z_s2_N2-Z_s1_N2)+y_O2*R_u*(Z_s2_02-Z_s1_O2)) 

Q_dot_in_Amagad =N_dot*T*DELTAs 

W_dot_in_Amagad=-Q_dot_in_Amagad +N_dot*DELTAh 


N 


NUH 


NUHN 


UAN 


_R 
R 


"EES: 

h_EES[1] = y_N2*enthalpy(Nitrogen, T=T, P=P1)+ y_O2*enthalpy(Oxygen, T=T,P=P1) 
h_EES[2] = y_N2*enthalpy(Nitrogen, T=T, P=P2)+ y_O2*enthalpy(Oxygen, T=T ,P=P2) 
s_EES[1] = y_N2*entropy(Nitrogen, T=T, P=P1)+ y_O2*entropy(Oxygen, T=T,P=P1) 
s_EES[2] = y_N2*entropy(Nitrogen, T=T, P=P2)+ y_O2*entropy(Oxygen, T=T,P=P2) 
DELTAh_EES=h_EES[2]-h_EES[1] 
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DELTAs_EES=s_EES|2]-s EES|1] 
Q dot_in EES=N_dot*T*DELTAs EES 
W_dot_in EES=-Q_ dot_in EES+N_dot*DELTAh_EES 


SOLUTION 

DELTAh=-346.1 [kJ/kmol] 
DELTAh_ideal=0 [kJ/kmol] 
DELTAs_EES=-12.72 [kJ/kmol-kK] 
h_EES[1]=6473 [kJ/kmol] 
M_air=28.97 [kg/kmol] 
N_dot=0.06041 [kmol/s] 
P2=8000 [kPa] 
P_cr_O2=5080 [kPa] 
P_R1_02=0.3937 
P_R2_02=1.575 
Q_dot_in_EES=-222.9 [kW] 
R_u=8.314 [kPa-m*3/kmol-K] 
s EES[2]=112.5 [kJ/kmol-K] 
T_cr_N2=126.2 [K] 
T_R1_N2=2.298 
T_R2_N2=2.298 
W_dot_in_Amagad=202.3 [kW] 
W_dot_in_ideal=201.9 [kW] 
y_O2=0.21 

Z_h1_O2=0.1296 
Z_h2_02=0.4956 
Z_s1_O2=0.05967 
Z_s2_02=0.2313 


DELTAh_EES=-384.3 [kJ/kmol] 
DELTAs=-12.74 [kJ/kmol-k] 
DELTAs_ideal=-11.53 [kJ/kmol-K] 
h_EES[2]=6089 [kJ/kmol] 
m_dot=1.75 [kg/s] 

P1=2000 [kPa] 

P_cr_N2=3390 [kPa] 
P_R1_N2=0.59 
P_R2_N2=2.36 
Q_dot_in_Amagad=-223.2 [kW] 
Q_dot_in_ideal=-201.9 [kW] 

s EES[1]=125.3 [kJ/kmol-K] 
T=290 [Kk] 

T_cr_O2=154.8 [K] 
T_R1_02=1.873 
T_R2_02=1.873 
W_dot_in_EES=199.7 [kW] 
y_N2=0.79 

Z_h1_N2=0.1154 
Z_h2_N2=0.4136 
Z_s1_N2=0.05136 
Z_s2_N2=0.1903 
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13-76 Two mass streams of two different ideal gases are mixed in a steady-flow chamber while receiving energy by heat 
transfer from the surroundings. Expressions for the final temperature and the exit volume flow rate are to be obtained and 


two special cases are to be evaluated. 
Assumptions Kinetic and potential energy changes are negligible. 
Analysis (a) Mass and Energy Balances for the mixing process: 


m, +m, =m, 
mh, iF m,h, = Q, = m,h, 
h=C,T 


mC, l T m,Cp 2h +Q,, = mCp, mes 


m m 
aa 1 2 
Chii . Cpt Cp » 
m, 3 
ri,C mi,C Q 
1~P,1 ae eee i 
T= T, + T, + n 
nC mC mC 
m; P,m 3“P,m 3“P,m 


(b) The expression for the exit volume flow rate is obtained as follows: 


: RT. 
V; = my, =m, == 
3 
V, = mR, ea T, + MC, 2 T. pe Qn 
P, mC p, m mC, m mC p, m 
y Cea i RT | Cras hR, | RQ, 
3 
Cp mR P, Cp, my P, P.O m 
P, =R =P, 
C,,R,.. Gho Rt R 
V, = P,1 V+ P,2 V+ Qn 
Cp, mRı Cp, my PC, m 
pak R, _ R, M_M, R, _M, 
M’ R M,R, M, R, M, 
3 = Ce, „M, 1 + Cp „M, V, + R,Qn 
C, „M C, „M PM,C 


(c) For adiabatic mixing Qn is zero, and the mixture volume flow rate becomes 
Ų = Cp M, V4 Cp M, V 
Fe 1 2 
Cp, nM , Cp, nM ; 


Steady-flow 
chamber 


Surroundings 


(d) When adiabatically mixing the same two ideal gases, the mixture volume flow rate becomes 


M,=M,=M, 
Cha = Cpi m Cpa 
V, =V, +V, 
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Special Topic: Chemical Potential and the Separation Work of Mixtures 


13-77C No, a process that separates a mixture into its components without requiring any work (exergy) input is impossible 
since such a process would violate the 2" law of thermodynamics. 


13-78C Yes, the volume of the mixture can be more or less than the sum of the initial volumes of the mixing liquids 
because of the attractive or repulsive forces acting between dissimilar molecules. 


13-79C The person who claims that the temperature of the mixture can be higher than the temperatures of the components 
is right since the total enthalpy of the mixture of two components at the same pressure and temperature, in general, is not 
equal to the sum of the total enthalpies of the individual components before mixing, the difference being the enthalpy (or 
heat) of mixing, which is the heat released or absorbed as two or more components are mixed isothermally. 


13-80C Mixtures or solutions in which the effects of molecules of different components on each other are negligible are 
called ideal solutions (or ideal mixtures). The ideal-gas mixture is just one category of ideal solutions. For ideal solutions, 
the enthalpy change and the volume change due to mixing are zero, but the entropy change is not. The chemical potential of 
a component of an ideal mixture is independent of the identity of the other constituents of the mixture. The chemical 
potential of a component in an ideal mixture is equal to the Gibbs function of the pure component. 
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13-81 Brackish water is used to produce fresh water. The minimum power input and the minimum height the brackish 
water must be raised by a pump for reverse osmosis are to be determined. 


Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is also 12°C. 


Properties The molar masses of water and salt are M,, = 18.0 kg/kmol and M, = 58.44 kg/kmol. The gas constant of pure 
water is R, = 0.4615 kJ/kg-K (Table A-1). The density of fresh water is 1000 kg/m’. 


Analysis First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf, = 
0.00078 and mf, = 1- mf, = 0.99922, 


1 1 1 
Hos 5 mf, mf, mf, 0.00078 | 0.99922 ag EEO 
M; M, M, 5844 18.0 
M M 18.01 kg/kmol 
yzmf n > y, =mf, 2 = (0.99922) 2 “""" _ 9.99976 
M; M, 18.0 kg/kmol 


The minimum work input required to produce 1 kg of freshwater from brackish water is 


Wmin, in = Rẹ To In(1/ yy) = (0.4615 kJ/kg - K)(285.15 K) In(1/0.99976) = 0.03159 kJ/kg fresh water 


Therefore, 0.03159 kJ of work is needed to produce 1 kg of fresh water is mixed with seawater reversibly. Therefore, the 
required power input to produce fresh water at the specified rate is 


Wrin in = Win in = (1000 kg/m?) (0.280 m?/s)(0.03159 wng) =8.85 kW 
i : S 
The minimum height to which the brackish water must be pumped is 
Wo: 2 
Az, men ae aks) 1kg.m/s k ae are 
g 9.81m/s? 1N 1kJ 
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13-82 A river is discharging into the ocean at a specified rate. The amount of power that can be generated is to be 
determined. 

Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as 
table salt (NaCl). 3 The environment temperature is also 15°C. 


Properties The molar masses of water and salt are M,, = 18.0 kg/kmol and M, = 58.44 kg/kmol. The gas constant of pure 
water is R, = 0.4615 kJ/kg-K (Table A-1). The density of river water is 1000 kg/m’. 


Analysis First we determine the mole fraction of pure water in ocean water using Eqs. 13-4 and 13-5. Noting that mf, = 
0.025 and mf, = 1- mf, = 0.975, 


1 1 1 
M,, = = = =18.32 kg/kmol 
m S mf, mf, mf, 0.025 0.975 sia 
M; M, M, 5844 18.0 
M M l 
aeei teh a e A ga 
M; M 18.0 kg/kmol 


I w 


The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg 
of freshwater from seawater) is 


Wmax out = Ry To In(1/ y,,) = (0.4615 kJ/kg : K)(288.15 K)In(1/0.9922) = 1.046 kJ/kg fresh water 


Therefore, 1.046 kJ of work can be produced as 1 kg of fresh water is mixed with seawater reversibly. Therefore, the power 
that can be generated as a river with a flow rate of 400,000 m’/s mixes reversibly with seawater is 
1kw 


W max out = PW max our = (1000 kg/m?)(1.5 x 10° m?/s)(1.046 wef E) =157x10° kW 
S 


Discussion This is more power than produced by all nuclear power plants (112 of them) in the U.S., which shows the 
tremendous amount of power potential wasted as the rivers discharge into the seas. 
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EES 
13-83 Problem 13-82 is reconsidered. The effect of the salinity of the ocean on the maximum power generated is to 
be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
V_dot=150000 [m^3/s] 
"salinity=2.5" 
T=(15+273.15) [K] 


"Properties" 

M_w=18 [kg/kmol] "molarmass(H20)" 
M_s=58.44 [kg/kmol] "molar mass of salt" 
R_w=0.4615 [kJ/kg-K] "gas constant of water" 
rho=1000 [kg/m^3] 


"Analysis" 

mass_w=100-salinity 

mf_s=salinity/100 

mf_w=mass_w/100 
M_m=1/(mf_s/M_s+mf_w/M_w) 
y_w=mf_w*M_m/M_w 
w_max_out=R_w*T*In(1/y_w) 
W_dot_max_out=rho*V_dot*w_max_out 


Salinity W max out 350x108 i eiee e e aa a 
[%] [kW] 

0 0 3.00x108 

0.5 3.085E+07 | | 
1 6.196E+07 2.50108 

1.5 9.334E+07 = | | 
2 1.249E+08 500x108 

2.5 1.569E+08 . | | 
3 1.891E+08 Cia ma 

3.5 2.216E+08 g | | 
4 2.544E+08 : E 

4.5 | 2.874E+08 Š 1.00x10 P 

5 3.208E+08 f ] 


o 
0.00x10°R aai i h aaya h a aa a a h aaay a da aaa 


salinity [%] 
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13-84E Brackish water is used to produce fresh water. The mole fractions, the minimum work inputs required to separate 1 
Ibm of brackish water and to obtain 1 lbm of fresh water are to be determined. 


Assumptions 1 The brackish water is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated 
as table salt (NaCl). 3 The environment temperature is equal to the water temperature. 


Properties The molar masses of water and salt are M,, = 18.0 lbm/lbmol and M, = 58.44 lbm/Ibmol. The gas constant of 
pure water is Ry = 0.1102 Btu/lbm-R (Table A-1E). 


Analysis (a) First we determine the mole fraction of pure water in brackish water using Eqs. 13-4 and 13-5. Noting that mf, 
= 0.0012 and mf, = 1- mf, = 0.9988, 


Mm 5 mi 7 af my 7 (0012 0.5988 ~ 18-015 Ibm/Ibmol 
M; M, M, 5844 18.0 
y<mt, Mn, y, =mf, Mm = (0.9988) 18-015 lbm/Ibmol __ 9 99963 
M M 18.0 lbm/Ibmol 


Y; =1-y,, =1-0.99963 = 0.00037 
(b) The minimum work input required to separate 1 Ibmol of brackish water is 
Wrin,in =—-R, Ty) (yy nyy + Ys Iny,) 
= —(0.1102 Btu/Ibmol.R)(525 R)[0.99963 In(0.99963) + 0.00037 In(0.00037)] 
=—0.191Btullbm brackish water 
(c) The minimum work input required to produce 1 lbm of freshwater from brackish water is 


Wain in = Ryo In(1/ y,,) = (0.1102 Btu/Ibm - R)(525 R)In(1/0.99963) = 0.0214 Btullbm fresh water 


min, in 


Discussion Note that it takes about 9 times work to separate 1 lbm of brackish water into pure water and salt compared to 
producing 1 Ibm of fresh water from a large body of brackish water. 
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13-85 A desalination plant produces fresh water from seawater. The second law efficiency of the plant is to be determined. 


Assumptions 1 The seawater is an ideal solution since it is dilute. 2 The total dissolved solids in water can be treated as 
table salt (NaCl). 3 The environment temperature is equal to the seawater temperature. 


Properties The molar masses of water and salt are M,, = 18.0 kg/kmol and M, = 58.44 kg/kmol. The gas constant of pure 
water is R, = 0.4615 kJ/kg-K (Table A-1). The density of river water is 1000 kg/m’. 


Analysis First we determine the mole fraction of pure water in seawater using Eqs. 13-4 and 13-5. Noting that mf, = 0.032 
and mf,, = 1- mf, = 0.968, 


1 1 1 


Mie FMB mh CORT, 0968 TAE 
M; M, M, 58.44 18.0 
y,=mt a aya Mav, 18.41 kg/kmol _ 4 9900 
M M 18.0 kg/kmol 


i w 
The maximum work output associated with mixing 1 kg of seawater (or the minimum work input required to produce 1 kg 
of freshwater from seawater) is 


Wmax out = Ry To In(1/ yy) = (0.4615 kJ/kg -K)(283.15 K)In(1/0.990) = 1.313 kJ/kg fresh water 


The power that can be generated as 1.4 m°/s fresh water mixes reversibly with seawater is 


1kw 


= PVW nax our = (1000 kg/m*)(1.4 m?/s)(1.313 kag I) =1.84kW 
S 


W max out 


Then the second law efficiency of the plant becomes 


W minin 1.83 MW 
W, 8.5 MW 


L 


= 0.216 = 21.6% 


1u = 


13-86 The power consumption and the second law efficiency of a desalination plant are given. The power that can be 
produced if the fresh water produced is mixed with the seawater reversibly is to be determined. 
Assumptions 1 This is a steady-flow process. 2 The kinetic and potential energy changes are negligible. 
Analysis From the definition of the second law efficiency 
Wie Wrev > We = 2875 kW 


=— > UsLo= 
LaTe 11,500 kW rev 


which is the maximum power that can be generated. 
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13-87E It is to be determined if it is it possible for an adiabatic liquid-vapor separator to separate wet steam at 100 psia and 
90 percent quality, so that the pressure of the outlet streams is greater than 100 psia. 


Analysis Because the separator divides the inlet stream into the liquid and vapor portions, 


m, = xm, = 0.9m, 


rit, =(1—x)m, = 0.171, 2) Vapor 
(1) Mixture 
According to the water property tables at 100 psia (Table A-5E), 
S4 =S f +XS f = 0.47427 +0.9x1.12888 = 1.4903 Btu/lbm- R (3) Liquid 


When the increase in entropy principle is adapted to this system, it becomes 
My Sy + M3S3 Z M4S1 
xm,S, +(1—x)m,s3 2m,S, 
0.9s, +0.1s3 2s, 
> 1.4903 Btu/lbm-R 
To test this hypothesis, let’s assume the outlet pressures are 110 psia. Then, 
S2 =S, =1.5954 Btu/lbm-R 
S3 =S f =0.48341Btu/lbm-R 


The left-hand side of the above equation is 


0.9s, +0.1s3 = 0.9 x1.5954 + 0.1x 0.48341 = 1.4842 Btu/Ibm-R 


which is less than the minimum possible specific entropy. Hence, the outlet pressure cannot be 110 psia. Inspection of the 
water table in light of above equation proves that the pressure at the separator outlet cannot be greater than that at the inlet. 
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Review Problems 


k 
13-88 Using Dalton’s law, it is to be shown that Z, = b3 y,Z, for a real-gas mixture. 
i=1 


Analysis Using the compressibility factor, the pressure of a component of a real-gas mixture and of the pressure of the gas 
mixture can be expressed as 


P= ZiNjR,Tm and P — 2mNmRulin 
i V, m V, 


Dalton's law can be expressed as P,, = 5 P, (T n» Vn ). Substituting, 


Z mN mRulm = > ZiNjRuTn 


Va Va 
Simplifying, 
ZAN aS SAN, 
Dividing by Nm, 


Zm = Y Již 


where Z; is determined at the mixture temperature and volume. 
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13-89 The volume fractions of components of a gas mixture are given. The mole fractions, the mass fractions, the partial 
pressures, the mixture molar mass, apparent gas constant, and constant-pressure specific heat are to be determined and 
compared to the values in Table A-2a. 


Properties The molar masses of N», O, and Ar are 28.0, 32.0, and 40.0 kg/kmol, respectively (Table A-1). The constant- 
pressure specific heats of these gases at 300 K are 1.039, 0.918, and 0.5203 kJ/kg-K, respectively (Table A-2a). 


Analysis The volume fractions are equal to the mole fractions: 


Yn2 =0.78, yoo = 0.21, ya =0.01 

78% No 

The volume fractions are equal to the pressure fractions. The partial 21% O; 
pressures are then 1% Ar 


Px = Yn2 Prorat = (0.78)(100 kPa) = 78 kPa (by volume) 
Poo = Yoz P1 = (0.21)(100 kPa) = 21kPa 
Px, = Y a, Poa = (0.01)(100 kPa) = 1kPa 


We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each 
component are 


Myo = NyoM no = (78 kmol)(28kg/kmol) = 2184 kg 

Moz = NooM o2 = (21 kmol)(32 kg/kmol) = 672 kg 

Mar =N aM ar = (1 kmol)(40 kg/kmol) = 40 kg 
The total mass is 


Mm = My + Moz + Ma, = 2184+ 672 + 40 = 2896 kg 


Then the mass fractions are 


Mya _2184ke 0,7541 


mfy = = 
N? m, 2896kg 
mfo, = woz -672k8 _0,2320 
m, 2896k 
mf, -7a -40KB 0,0138 
m,, 2896k 


The apparent molecular weight of the mixture is 


„ = Zm 289kg 28.96 kgikmol 
N 100 kmol 


m 


M 


The constant-pressure specific heat of the mixture is determined from 


c= Mf yoC p, N2 + mfo2€p,02 + Mf ArC pAr 
= 0.7541 x 1.039 + 0.2320 x 0.918 + 0.0138 x 0.5203 


= 1.004 kJ/kg -K 


The apparent gas constant of the mixture is 


R, _ 8.314kJ/kmol-K 
Mm 28.96 kg/kmol 


=0.2871kJikg -K 


This mixture closely correspond to the air, and the mixture properies determined (mixture molar mass, mixture gas constant 
and mixture specific heat) are practically the same as those listed for air in Tables A-1 and A-2a. 
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13-90 The mole numbers of combustion gases are given. The partial pressure of water vapor and the condensation 
temperature of water vapor are to be determined. 


Properties The molar masses of CO», H2O, O; and N, are 44.0, 18.0, 32.0, and 28.0 kg/kmol, respectively (Table A-1). 
Analysis The total mole of the mixture and the mole fraction of water vapor are 


N ota =8 +9 +12.5 + 94 =123.5 kmol 


N po 9 
0.07287 
Ymo =y 23.5 


total 
Noting that molar fraction is equal to pressure fraction, the partial pressure of water vapor is 


Pipo = Y mo Pioni = (0.07287)(100 kPa) = 7.29 kPa 


The temperature at which the condensation starts is the saturation temperature of water at this pressure. This is called the 
dew-point temperature. Then, 


Teona F Tyat@7.29kPa =39.7°C (Table A-5) 


Water vapor in the combustion gases will start to condense when the temperature of the combustion gases drop to 39.7°C. 
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13-91 The masses of gases forming a mixture at a specified pressure and temperature are given. The mass of the gas 


mixture is to be determined using four methods. 


Properties The molar masses of O2, CO», and He are 32.0, 44.0, and 4.0 kg/kmol, respectively (Table A-1). 


Analysis (a) The given total mass of the mixture is 


Mm =Mo2 + Mco + Mye = 0.1414 0.5 =1.6 kg 


The mole numbers of each component are 


Nop = moe = —O1k8 _ _ 9.003125 kmol 
Mo 32kg/kmol 
Mage e 1k8 __ 9.92273kmol 
Mco? 44kg/kmol 
eg ile OOS E hal 


My. 4kg/kmol 


The mole number of the mixture is 


Nm =Noo + Neoo + N pe = 0.003125 + 0.02273+ 0.125 = 0.1509 kmol 


Then the apparent molecular weight of the mixture becomes 


1.6k 
eee 8 _10.61kg/kmol 
Nm 0.1509 kmol 


The mass of this mixture in a 0.3 m° tank is 


M,,PV _ (10.61kg/kmol)(17,500 kPa)(0.3m°) _ 
R,T (8.314 kPa : m?/kmol - K)(293 K) 


22.87 kg 


(b) To use the Amagat’s law for this real gas mixture, we first need the mole fractions and the Z of each component at the 


mixture temperature and pressure. 

No _ 0.003125 kmol 

Nin 0.1509 kmol 

N 

Trs co2 _ 0.02273 kmol -0.1506 
Nm 0.1509 kmol 


Nye  0.125kmol _ 


Yoo = = 0.02071 


= 0.8284 
Yue = W, 0.1509 kmol 
T 293K 
Tron = =1.893 
ee Tao? 154.8 K 
Zoz = 0.93 (Fig. A-15) 
Pn  17.5MPa 
Proz = z = 3.445 
4 Paoz 5.08 MPa 
T 293K 
Tr coz? => = =0.963 
Taco? 304.2 K , 
Zcoz = 0.33 (Fig. A-15) 
P, 17.5 MPa 
Pp coz = = = 2.368 
: Paco? 7.39 MPa 
T 
True = E 2081S 553 
Tane 53K 
Zye =1.04 (from EES) 
p Pn _175MPa_ 
R, He 7 ar yeer 
° Pame 0.23 MPa 
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Then, 


Zn = V2 = Yor4Zo2 + Yco2r4co2 + YHeŽ He 
= (0.02071)(0.93) + (0.1506)(0.33) + (0.8284)(1.04) = 0.9305 


_M,,PV _ (10.61kg/kmol)(17,500 kPa)(0.3 m°) 


= = z = 24.57 kg 
ZmRuT — (0.9305)(8.314 kPa -m°/kmol - K)(293 K) 
(c) To use Dalton’s law with compressibility factors: 
Tro =1.893 
V,,/ 0.3m*)/(22.87x0.1/1.6k Zo2 =1.0 
YVRO2 ue = een x 8) = 26.5 2 


RozTer,o2 / Puo2 (0.2598 kPa- m?/kg » K)(154.8 K)/(5080 kPa) 


Tr co2 = 0.963 


V,,/Mco2 7 (0.3m°)/(22.87x1.0/1.6 kg) zeui Zco2 = 0.86 


v = i _ = =2. 
RCO? RoozTacoz/ Paco? _(0.1889kPa-m?/kg -K)(304.2K)/(7390kPa) 


Tires 35.3 


O Vme — (0.3m° )/(22.87 x 0.5/1.6 kg) 
Ruel eye / Pame (2.0769 kPa -m*/kg - K)(5.3 K)/(230 kPa) 


= 0.88 


VRHe 


Note that we used m = 22.87 kg in above calculations, the value obtained by ideal gas behavior. The solution normally 
requires iteration until the assumed and calculated mass values match. The mass of the component gas is obtained by 
multiplying the mass of the mixture by its mass fraction. Then, 


Zn = DZ = YooZo2 + Yco24co2 + YHeŽ He 
= (0.02071)(1.0) + (0.1506)(0.86) + (0.8284)(1.0) = 0.9786 


_M,,PV _ (10.61kg/kmol)(17,500 kPa)(0.3 m) 
ZmRuT (0.9786)(8.314 kPa -m*/kmol - K)(293 K) 


37 kg 


This mass is sufficiently close to the mass value 22.87 kg. Therefore, there is no need to repeat the calculations at this 
calculated mass. 


(d) To use Kay's rule, we need to determine the pseudo-critical temperature and pseudo-critical pressure of the mixture 
using the critical point properties of O2, CO» and He. 
Tam = »: YiTa,i = YozTer,02 + YcozTa,co2 + uel cr,He 
= (0.02071)(154.8 K) + (0.1506)(304.2 K) + (0.8284)(5.3 K) = 53.41K 
Pom = > Yi Pai = Yo2rPe,o2 + Yco2rPer,coz + Y He Per, He 
= (0.02071)(5.08 MPa) + (0.1506)(7.39 MPa) + (0.8284)(0.23 MPa) =1.409 MPa 


Then, 
T 293 K 
Tp === = 5,486 
Tan 5841K 
ai eeun Zm =1.194 (from EES) 
gece ie Ne YY) 


P` 1.409 MPa 


cr,m 


we M,,PV _ (10.61kg/kmol)(17,500 kPa)(0.3m*) 
ZmR,I — (1.194)(8.314 kPa -m°/kmol - K)(293 K) 


=19.15 kg 
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13-92 A mixture of carbon dioxide and nitrogen flows through a converging nozzle. The required make up of the mixture 
on a mass basis is to be determined. 


Assumptions Under specified conditions CO, and N; can be treated as ideal gases, and the mixture as an ideal gas mixture. 


Properties The molar masses of CO» and N, are 44.0 and 28.0 kg/kmol, respectively (Table A-1). The specific heat ratios of 
CO, and N; at 500 K are kco: = 1.229 and ky = 1.391 (Table A-2). 


Analysis The molar mass of the mixture is determined from 
M m =Yco,M co, +Yn, Mn, 
The molar fractions are related to each other by 


Yco, +Yn, =1 


Re > 500 K 
The gas constant of the mixture is given by 2 360 m/s 
R, 
Rm = F 


The specific heat ratio of the mixture is expressed as 


k =mfco,Kco, +mfy, Ky, 


The mass fractions are 


Mco, 

mfco, = Yco, M 
m 

N 

mfy, =Yn : 
2 2 Mm 


The exit velocity equals the speed of sound at 500 K 


1000 m2/s? 
V exit = KR, T 
1kJ/kg 


Substituting the given values and known properties and solving the above equations simultaneously using EES, we find 


mfco, = 0.838 
mfy, = 0.162 
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13-93E A mixture of nitrogen and oxygen is expanded isothermally. The work produced is to be determined. 
Assumptions 1 Nitrogen and oxygen are ideal gases. 2 The process is reversible. 

Properties The mole numbers of nitrogen and oxygen are 28.0 and 32.0 Ibm/Ibmol, respectively (Table A-1E). 
Analysis The mole fractions are 


Nyo _ 0.1lbmol 


= = 0.3333 
Ye. OS Ibml 
N 0.2 kmol 
ors 2 = aaa oe 0.1 Ibmol N, 
otal Sea 0.2 Ibmol O, 
The gas constant for this mixture is then a ie 
R 


u 


Yn2M n2 + YooM op 
_ 1.9858 Btu/lbmol- R 
(0.3333 x 28 + 0.6667 x 32)lbm/lbmol 


= 0.06475 Btu/Ibm-R 


= (0.06475 Btu/lbm - p Eaa) 
1 Btu 
= 0.3499 psia - ft?/Ibm-R 
The mass of this mixture of gases is 
mM= Ny oM yo +No:M o = 0.1x 28+ 0.2 x32 = 9.2 Ibm 


The temperature of the mixture is 


OPV (300 psia)(5 ft?) 


ean aan a 466.0 R 
mR (9.2 1bm)(0.3499 psia - ft” Ibm - R) 


T; 


Noting that Pv = RT for an ideal gas, the work done for this process is then 


Va 


W 


out 


2 wd 
= m| Pdv = met | Y =mRTIn 
A A VU vi 


10 ft? 
5ft? 


= (9.2 lbm)(0.06475 Btu/Ibm-R)(466 R) In 


= 192.4 Btu 
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13-94 A mixture of nitrogen and carbon dioxide is compressed at constant temperature in a closed system. The work 
required is to be determined. 
Assumptions 1 Nitrogen and carbon dioxide are ideal gases. 2 The process is reversible. 
Properties The mole numbers of nitrogen and carbon dioxide are 28.0 and 44.0 kg/kmol, respectively (Table A-1). 
Analysis The effective molecular weight of this mixture is 


M = YyoM m2 + Yco2M cor 
= (0.85)(28) + (0.15)(44) 


= 30.4 kg/kmol 85% N> 
The work done is determined from ae Q 
(by mole) 


100 kPa, 27°C 


2 2 
d v P, R P 
w= [Pdv=RT| V = RT In = RT In =% RT In 
4 A V P M 


vi 1 P, 
_ 8.314 kJ/kmol-K (300 KyIn 500 kPa 
30.4 kg/kmol 100 kPa 
= 132.0 kJ/kg 


13-95 The specific heat ratio and an apparent molecular weight of a mixture of ideal gases are given. The work required to 
compress this mixture isentropically in a closed system is to be determined. 


Analysis For an isentropic process of an ideal gas with constant specific heats, the work is expressed as 


2 2 
Wout = [ Pav = Put [ye ‘av 


1 1 
_ Bui aik ky PM || v 
=— (v i) 1 

l-k 1-k|\ v Gas mixture 


k=1.35 


M=32 kg/kmol 
100 kPa, 20°C 


since Pvt = Pv“ for an isentropic process. Also, 


Pv = RT, 
(v5 Iv)“ =P /P, 
Substituting, we obtain 


(k-1)/k 

R, Tı P, 

Wout = 1 
M(1-k)|( P 


_ (8.314 kJ/kmol- K)(293 K) (2x kPa — sh 
(32 kg/kmol(1—1.35) |\ 100kPa 


= -177.6kJikg 


The negative sign shows that the work is done on the system. 
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13-96 A mixture of gases is placed in a spring-loaded piston-cylinder device. The device is now heated until the pressure 
rises to a specified value. The total work and heat transfer for this process are to be determined. 
Properties The molar masses of Ne, O,, and N, are 20.18, 32.0, 28.0 kg/kmol, respectively and the gas constants are 
0.4119, 0.2598, and 0.2968 kJ/kg-K, respectively (Table A-1). The constant-volume specific heats are 0.6179, 0.658, and 
0.743 kJ/kg-K, respectively (Table A-2a). 
Analysis The total pressure is 200 kPa and the partial pressures are 

Pye = YNePm = (0.25)(200 kPa) = 50 kPa 

Po = Yoo Pm = (0.50)(200 kPa) = 100 kPa 

Pyo = YnoPm = (0.25)(200 kPa) = 50 kPa 


The mass of each constituent for a volume of 0.1 m? and a temperature of 10°C are oe a 
© Oz 
Pre, 1m? 
Mye = Nem _ (50 ae 1m ) = 0.04289 kg 25% N> 
Rye? (0.4119 kPa - m°/kg - K)(283K) (by pressure) 
0.1 m? 
Poo, 100 kPa)(0.1m° 
Mop = 2 = ( al a = 0.1360 kg 10°C, 200 kPa 
Rol (0.2598 kPa - m”/kg - K)(283 kK) 
Pwo, 1m? 
My = N22 = oe EOR zu) = 0.05953 kg 
Ryol (0.2968 kPa - m”/kg - K)(283K) P 
Miotal = 0.04289 + 0.1360 + 0.05953 = 0.2384 kg (kPa) 
The mass fractions are 500 
ae Mye _ 0.04289kg _ 0.1799 
Mm  0.2384kg 
200 
mme Mo, _ 0.1360kg _ 0.5705 
Mm 0.2384 kg 
TER My _ 0.05953kg _ 0.2497 
m 0.2384 kg 


The constant-volume specific heat of the mixture is determined from 
Cy = MENeCy Ne + Mfo2Cy,02 + MEN7Cy,no 
= 0.1799 x 0.6179 + 0.5705 x 0.658 + 0.2497 x 0.743 = 0.672 kJ/kg -K 
The moles are 
Hg = aN CS 22 O02 IE nO 
Mye 20.18 kg/kmol 
_ 0.1360 kg 


Mo, 32kg/kmol 


= 0.00425 kmol 


Noa N = 9.05953 k8 _ 9.902126 kmol 
Mẹ 28kg/kmol 


N m = Nye + Noo +N pm = 0.008502 kmol 
Then the apparent molecular weight of the mixture becomes 


i= Me DSBS a 04 kino 


"~~ Nm 0.008502 kmol 


The apparent gas constant of the mixture is 
R, _ 8.314kJ/kmol-K 


R= = 0.2964 kJ/kg -K 
Mn 28.05 kg/kmol 
The mass contained in the system is 
PLY, 200 kPa)(0.1m* 
m=- ( ae, = 0.2384 kg 


RT, (0.2964 kPa-m°/kg - K)(283 K) 


Noting that the pressure changes linearly with volume, the final volume is determined by linear interpolation to be 
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500-200 V,-0.1 
1000-200 1.0-0.1 
The final temperature is 
T, = PV (500 kPa)(0.4375 m°) 
mR (0.2384kg)(0.2964 kPa-m*/kg - K) 
The work done during this process is 
Won = mun: (V, -V,)= (500 + 200) kPa 
An energy balance on the system gives 
Qin = Wout + me, (T, —T,) =118 + (0.2384 kg)(0.672 kJ/kg -K)(3096 — 283) K = 569 kJ 


>V, = 0.4375 m” 


= 3096 K 


(0.4375 —0.1) m® =118kJ 
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13-97 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the volume has doubled. The total work and heat transfer for this process are to be 
determined. 


Properties The molar masses of N, and CO, are 28.0 and 44.0 kg/kmol, respectively (Table A-1). The constant-volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 


Analysis We consider 100 kg of this mixture. The mole numbers of each component are 
My2 55kg 
My 28kg/kmol 
Mco2 45 kg 
Meo  44kg/kmol 


= 1.964 kmol 


Nm = 


=1.023 kmol 


Nco = 


The mole number of the mixture is 


55% N 
N m = Ny + Neo =1.964 + 1.023 = 2.987 kmol 45% CO, Q 
The apparent molecular weight of the mixture is (by mass) 
0.1 m’? 
c Ma TOOKE -a3 48 kg/kmol 45°C, 200 kPa 


"Np, 2.987 kmol 


The constant-volume specific heat of the mixture is determined from 
Cy = ME yoy no + MfcozCy, coz = 0.55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg -K 


The apparent gas constant of the mixture is 


R, _ 8.134kJ/kmol-K P 


R= = 0.2483 kJ/kg -K 
Mm 33.48 kg/kmol p (kPa) 


Noting that the pressure changes linearly with volume, the initial 
volume is determined by linear interpolation using the data of the 
previous problem to be 


= V,-0.1 200 
200-200 Y, aoe 
1000-200 1.0-0.1 


The final volume is 


V, =2V, = 2(0.1m*)=0.2 m? 


V (mò 


The final pressure is similarly determined by linear interpolation using the data of the previous problem to be 
P,-200 _ 0.2-0.1 
1000-200 1.0-0.1 


The mass contained in the system is 


n- (200 kPa)(0.1mĉ°) 


> P, = 288.9 kPa 


s = 0.2533 kg 
RT, (0.2483 kPa - m°/kg - K)(318 K) 
The final temperature is 
PV. ; 2m? 
Pave (288.9 kPa)(0.2 m°) -9187K 


mR (0.2533kg)(0.2483 kPa - m°/kg - K) 


The work done during this process is 
P,+P (200 + 288.9) kPa 
Woy <2 UV; Vy) = 
An energy balance on the system gives 


Qin =Wont + mc, (T3 — T,) = 24.4 + (0.2533 kg)(0.7043 kJ/kg - K)(918.7 — 318) K =132 kJ 


(0.2 — 0.1) m? = 24.4kJ 
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13-98 A spring-loaded piston-cylinder device is filled with a mixture of nitrogen and carbon dioxide whose mass fractions 
are given. The gas is heated until the pressure has tripled. The total work and heat transfer for this process are to be 
determined. 


Properties The molar masses of N, and CO, are 28.0 and 44.0 kg/kmol, respectively (Table A-1). The constant-volume 
specific heats of these gases at room temperature are 0.743 and 0.657 kJ/kg-K, respectively (Table A-2a). 


Analysis We consider 100 kg of this mixture. The mole numbers of each component are 


Myo — 55kg 


Nw = = ————>— =1.964 kmol 
My 28kg/kmol 
Noop = ace = KE = 1.023 kmol 
Mco: 44kg/kmol 
The mole number of the mixture is 55% N, 
N m = Ny + Neo =1.964 + 1.023 = 2.987 kmol 45% CO, Q 


(by mass) 
0.1 m? 
45°C, 200 kPa 


The apparent molecular weight of the mixture is 
_ Mn, _— 100kg 
"Np, 2.987 kmol 


= 33.48 kg/kmol 


The constant-volume specific heat of the mixture is determined from 
Cy =MEyoCy no + MfcozCy,co2 = 0.55 x 0.743 + 0.45 x 0.657 = 0.7043 kJ/kg -K 


The apparent gas constant of the mixture is 


R, _ 8.134kJ/kmol-K 
Mm 33.48 kg/kmol 


R= 


= 0.2483 kJ/kg - K 


Noting that the pressure changes linearly with volume, the 
initial volume is determined by linear interpolation using the 
data of the previous problem to be 


200-200 V -0.1 

1000-200 1.0-0.1 

The final pressure is V (m*) 
P, =3P, = 3(200 kPa) = 600 kPa 


>V, =0.1m? 


The final volumee is similarly determined by linear interpolation using the data of the previous problem to be 
600-200 V,-0.1 
1000-200 1.0-0.1 
The mass contained in the system is 
cee ei (200 kPa)(0.1m*) 
RT, (0.2483 kPa - m°/kg - K)(318 K) 


>V, =0.55m° 


= 0.2533 kg 


The final temperature is 


PV. 55m? 
eee se (600 kPa)(0.55 m~) -5247K 


mR (0.2533kg)(0.2483 kPa - m?/kg - K) 


The work done during this process is 
P,+P 200 + 600) kPa 
Wa = E 2u, zyje COVA 

An energy balance on the system gives 


Qin =Wou + mc, (T, — T,) =180 + (0.2533 kg)(0.7043 kJ/kg - K)(5247 - 318) K = 1059 kJ 


(0.55 — 0.1)m? =180 kJ 
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13-99 The masses, pressures, and temperatures of the constituents of a gas mixture in a tank are given. Heat is transferred to 
the tank. The final pressure of the mixture and the heat transfer are to be determined. 


Assumptions He is an ideal gas and O; is a nonideal gas. 
Properties The molar masses of He and O are 4.0 and 32.0 kg/kmol. (Table A-1) 
Analysis (a) The number of moles of each gas is 
Mye _ 4 kg 
My. 4.0 kg/kmol 
8k 

No ee as 8 

? Mo, 32 kg/kmol 


=1 kmol 


Nue = 


m 
2 = 0.25 kmol 


Nm = Npe +No, =1kmol +0.25 kmol = 1.25 kmol 


Then the partial volume of each gas and the volume of the tank are 


He: 
v- NyeR,T; _ (1 kmol)(8.314 kPa-m*/kmol-K)(170 K) _ E 
Pra 7000 kPa 
O;: 
P 
poan auai 
1 Pio. 5.08 i 
02 Z,=0.53 (Fig. A-15) 
T, 170 
Th = =1.10 
Tao, 154.8 
— ZNo,R,Tı _ (0.53)(0.25 kmol)(8.314 kPa-m*/kg -K)(170 K) _ R 
O2 Pri 7000 kPa i 
Vank = Vue +Vo, = 0.202 m? + 0.027 m? = 0.229 m° 
The partial pressure of each gas and the total final pressure is 
He: 
NyeR,T. (1 kmol)(8.314 kPa-m*/kmol-K)(220 K 
Papa e R o CN a RO ES aay kis 
i Vank 0.229 m 
O>: 
T. 
Tp, === e a 
Tao, 154.8 
v, VIN 
Ugo = a =— "h P, =0.39 (Fig. A-15) 
RuTa,o, / Poo, RiTa,o, / Pao, 
7 (0.229 m*)/(0.25 kmol) 


(8.314 kPa-m?/kmol-K)(154.8 K)/(5080 kPa) 


Po, =(PrPe:)o, =(0-39)(5080 kPa)= 1981 kPa = 1.981 MPa 
Pm,2 = Pye + Po, = 7-987 MPa +1.981 MPa = 9.97 MPa 


m. 
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(b) We take both gases as the system. No work or mass crosses the system boundary, therefore this is a closed system with 
no work interactions. Then the energy balance for this closed system reduces to 


Ein 7 Fut = AE system 
Qn = AU = AU ye +AU 0, 


He: 
AU ye = mc, (Tn — T, )= (4 kg 3.1156 kJ/kg - K (220 -170)K = 623.1 kJ 
O>: 
T,=110 |, _15 
Pp =1.38 ae 
Z 1.2 
Pp, = 997 =1.963(~" 
h, a hy = Ry To (Zn, = Zh, ) T (h, es hi ) deal 
= (8.314 kJ/kmol- K)(154.8 K)(2.2—1.2) + (6404 — 4949)kJ/kmol 
= 2742 kJ/kmol 
Also, 
Nue R,T 1 kmol)(8.314 kPa-m°/kg-K)(170 K 
ey = Neat, _ (kmo a e OUO) _ 6 179 ka 
i Vank 0.229 m 
Po, 1 = Pm — Puea = 7000 kPa -6172 kPa =828 kPa 
Thus, 
AU o, = No, (h, = hy) — (PV, -P V) = No, (h, a hy) = (Po,,2 -= Po, a Wiank 
= (0.25 kmol)(2742 kJ/kmol) - (1981-828)(0.229)kPa -m° 
= 421.5 kJ 
Substituting, 


Qin = 623.1 kJ + 421.5 kJ = 1045 kJ 
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13-100 A mixture of carbon dioxide and methane expands through a turbine. The power produced by the mixture is to be 
determined using ideal gas approximation and Kay’s rule. 


Assumptions The expansion process is reversible and adiabatic (isentropic). 


Properties The molar masses of CO» and CH, are 44.0 and 16.0 kg/kmol and respectively. The critical properties are 304.2 
K, 7390 kPa for CO, and 191.1 K and 4640 kPa for CH, (Table A-1). EES may use slightly different values. 


Analysis The molar mass of the mixture is determined to be 


M m =Yco,Mco, + ¥cu,Mcu, =(0.75)(44) + (0.25)(16) = 37.0 kg/kmol 


The gas constant is 


1300 K 
R ; ; 1000 kP 
Race BSNS Sy ode Kk eae 
M n 37.0 kg/kmol S 
The mass fractions are 
75% CO» 
M 25% CH, 
Fr a e (oy e mae 
3 > Mm 37.0 kg/kmol 
M 
miera — Ue gaj en igis 
R 5 37.0 kg/kmol 100 kPa 


Ideal gas solution: 

Using Dalton’s law to find partial pressures, the entropies at the initial state are determined from EES to be: 
T =1300 K, P = (0.75 x 1000) = 750 kPa —> Sco, 1 = 6.068 kJ/kg.K 
T =1600 K, P = (0.25 x 1000) = 250 kPa —> Scy, ) = 16.22 kJ/kg.K 


The final state entropies cannot be determined at this point since the final temperature is not known. However, for an 
isentropic process, the entropy change is zero and the final temperature may be determined from 


ASiotat = Mfco, ASco, + ™fcu, AScH, 
0 = mfco, (Sco,,2 ~ Sco,,1) + Mfcu, (Scu,,2 7 ScH,,1) 
The solution is obtained using EES to be 
T = 947.1 K 
The initial and final enthalpies and the changes in enthalpy are (from EES) 


hco, 1 = -7803 kJ/kg 
hcu, 1 = -831 kJ/kg 


hco, ,2 = 8248 kJ/kg 


T, =1300 K —> 
1 hcy,,2 = -2503 kJ/kg 


T, =947.1K —> 


Noting that the heat transfer is zero, an energy balance on the system gives 


Qin -Wout E mAh, > Wout = —mAh,, 


where 


Ah, = mfco, (Aco,,2 = hco,,ı) + mfcy, (Acu,,2 z Acu,1) 


= (0.8917)|(-8248) — (-7803)]+ (0.1083)|(-2503) — (-831)]= -577.7 kJ/kg 


The mass flow rate is 


fas PY, (1000 kPa)(0.180 m°/s) 


= 0.6165 kg/s 
RT, (0.2246 kJ/kg.K)(1300 K) 


Substituting,  W,,, = Ah, =—(0.6165)(-577.7 kJ/kg) = 356 kW 
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Kay’s rule solution: 


The critical temperature and pressure of the mixture is 
Ta = Yoo, Teco, + You, Te.cu, = (0.75)(304.2 K) + (0.25)(191.1K) = 276 K 
Pa = Yeo, Peco, + ¥cu, Percy = (0-75)(7390 kPa) + (0.25)(4640 kPa) = 6683 kPa 
° ra 


State 1 properties: 


T, 1300K 
te =4.715 Z, =1.003 
a Z 0.0064 
nl =—0. (from EES) 
P, _ 1000 kPa 


Pr = 


=0.1496 | Z,, =0.001197 
P, 6683kPa 


Ah, = Z „RT, = (—0.0064)(0.2246 kJ/kg.K)(276 K) = -0.399 kJ/kg 


hy = mfco, Aco, + Mfcn, hcu, ~ Ah 
= (0.8917)(-7803) + (0.1083)(-831) — (0.399) = -7047 kJ/kg 
As, = Z q R = (0.001197)(0.2246 kJ/kg.K) = 0.0002688 kJ/kg.K 


Sı =Mf¢o, Sco,,1 + Mfc, ScH,, 1 7 AS1 
= (0.8917)(6.068) + (0.1083)(16.22) — (0.0002688) = 7.1679 kJ/kg.K 


The final state entropies cannot be determined at this point since the final temperature is not known. However, for an 
isentropic process, the entropy change is zero and the final temperature may be determined from 


AS total = mf co, ASco, + mf cy, AScH, 
0 = mf¢o, (Sco,,2 7 Sco,,1) + Mfcu, (ScH,,2 7 ScH,,1) 
The solution is obtained using EES to be 
Tə = 947 K 


The initial and final enthalpies and the changes in enthalpy are 


me ct 
R3 To 276K ` Z „2 = —0.0004869 P 
rom 
P, 100 kPa Z> = 0.0004057 


Pho = =0.015 


P, 6683kPa 


Ah, = Z „RT, = (-0.0004869)(0.2246 kJ/kg.K)(276 K) = -0.03015 kJ/kg 
hy =Mf¢o,hco,,2 + MEH, Acn,,2 ~ Aho 
= (0.8917)(-8248) + (0.1083)(—2503) — (-0.03015) = -7625 kJ/kg 


Noting that the heat transfer is zero, an energy balance on the system gives 


Qin -Wout = mAh, > Wout = —m(hy E hy) 


where the mass flow rate is 


o PŪ (1000 kPa)(0.180 m?/s) 
Z,RT, (1.003)(0.2246 kJ/kg.K)(1300 K) 


= 0.6149 kg/s 


Substituting, 


Wout = (0.6149 kg/s)|(-7625) — (-7047) kJ/kg]=356 kW 
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13-101 A stream of gas mixture at a given pressure and temperature is to be separated into its constituents steadily. The 
minimum work required is to be determined. 


Assumptions 1 Both the N, and CO, gases and their mixture are ideal gases. 2 This is a steady-flow process. 3 The kinetic 
and potential energy changes are negligible. 


Properties The molar masses of N, and CO, are 28.0 and 44.0 kg/kmol. (Table A-1). 


Analysis The minimum work required to separate a gas mixture into 


its components is equal to the reversible work associated with the N> 
mixing process, which is equal to the exergy destruction (or 27°C 
irreversibility) associated with the mixing process since o Pa 
50% N, 
70 50% CO, —— 120 kPa 
X destroyed = Wrev,out —Wactu = Wrev,out = ToS gen 27°C 

where Sgen is the entropy generation associated with the steady-flow a CO, 
mixing process. The entropy change associated with a constant 27°C 


pressure and temperature adiabatic mixing process is determined from 


Sgen = >, A5; =-R, > y; In y; = {8.314 KJ/kmol - K)[0.5 In(0.5) + 0.5 n(0.5)] 
=5.763 kJ/kmol -K 


M m = >, YM; =(0.5)(28 kg/kmol) + (0.5)(44 kg/kmol) = 36 kg/kmol 
Sgen _ 5.763 kJ/kmol - K 


Sa = 0.1601 kJ/kg -K 
e Mn 36 kg/kmol a 


Xdestroyed = ToSgen = (300 K 0.1601 kJ/kg -K)=48.0 kJ/kg 
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13-102E The mass percentages of a gas mixture are given. This mixture is expanded in an adiabatic, steady-flow turbine of 
specified isentropic efficiency. The second law efficiency and the exergy destruction during this expansion process are to 


be determined. 


Assumptions All gases will be modeled as ideal gases with constant specific heats. 


Properties The molar masses of N», He, CHy, and C2Hg are 28.0, 4.0, 16.0, and 30.0 lbm/Ibmol, respectively (Table A-1EF). 
The constant-pressure specific heats of these gases at room temperature are 0.248, 1.25, 0.532, and 0.427 Btu/lbm-R, 


respectively (Table A-2Ea). 


Analysis For 1 lbm of mixture, the mole numbers of each component are 


Nig nes Olan 9905857 bel 
My 28lbm/lbmol 

A 5 O_o Gio ibe 
My. 4lbm/lbmol 

Nps fete. OOM 50875 binl 
Mcpa 16lbm/lbmol 

Nig = ene. 2 020m —yo06667ibmol 
Mc 301bm/lbmol 


The mole number of the mixture is 


Nm = Noz + Neon + Nye = 0.005357 + 0.0125 + 0.0375 + 0.006667 = 


The apparent molecular weight of the mixture is 


o Mm 1lbm 


Mn =16.12 lbm/lbmol 
Nm 0.065202 Ibmol 


m 
The apparent gas constant of the mixture is 


R _ 1.9858 lbm/lbmol-R 


R = u 
Mm 16.12 lbm/Ibmol 


= 0.1232 Btu/lbm-R 


The constant-pressure specific heat of the mixture is determined from 


Cp = MÊN2Cp,N2 + MfHeC p He + MECHaC p, cna + MECoH6C p,c2H6 
= 0.15 x 0.248 + 0.05 x 1.25 + 0.60 x 0.532 + 0.20 x 0.427 
= 0.5043 Btu/Ibm-R 
Then the constant-volume specific heat is 


Cy =C, — R=0.5043 - 0.1232 = 0.3811 Btu/lbm -R 


The specific heat ratio is 


Cp 0.5043 _ 


c, 0.3811 ` 


The temperature at the end of the expansion for the isentropic process is 


peo 20 psia 
T,, =T = = (960 R) < Pan 
P, 400 psia 


0.323/1.323 
) = 462.0 R 


400 psia 
500°F 


No, He, CH4, 
C,H, mixture 


20 psia 


0.06202 lbmol 


Using the definition of turbine isentropic efficiency, the actual outlet temperature is 


T> =T, — Maw (T — To, ) = (960 R) — (0.85)(960 — 462.0) = 536.7 R 
The entropy change of the gas mixture is 


536.7 
960 


T, P. 
S2 -S1 =C, In 7a Rln = = (0.5043) In 
1 1 


— (0.1232) In = = 0.07583 Btu/lbm - R 
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The actual work produced is 


Wout = hy — hy = c (T, — T3) = (0.5043 Btu/Ibm - R)(960 — 536.7) R = 213.5 Btu/lbm 


The reversible work output is 


w =h, — h, — T(S; - s2) = 213.5 Btu/lbm — (537 R)(—0.07583 Btu/lbm - R) = 254.2 Btu/lbm 


rev,out 


The second-law efficiency and the exergy destruction are then 


213.5 
jpa iia = 0.840 = 84.0% 

Wrevou 254.2 
Xdest = Wrevout — Wout = 254.2 — 213.5 = 40.7 Btullbm 
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EES 
13-103 A program is to be written to determine the mole fractions of the components of a mixture of three gases 
with known molar masses when the mass fractions are given, and to determine the mass fractions of the components when 
the mole fractions are given. Also, the program is to be run for a sample case. 


Analysis The problem is solved using EES, and the solution is given below. 


Procedure Fractions(Type$,A$,B$,C$,A,B,C:mf_A,mf_B,mf_C,y_A,y_B,y_C) 
{If Type$ <> (‘mass fraction’ OR ‘mole fraction’ ) then 

Call ERROR(‘Type$ must be set equal to "mass fraction" or "mole fraction".') 
GOTO 10 

endif} 

Sum = A+B+C 

If ABS(Sum - 1) > 0 then goto 20 

MM_A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(C$) 

If Type$ = 'mass fraction’ then 


mf A=A 
mf B=B 
mf C=C 


sumM_mix = mf_A/MM_A+ mf_B/MM_B+ mf_C/MM_C 
y_A = mf_A/MM_A/sumM_mix 

y_B = mf_B/MM_B/sumM_mix 

y_C = mf_C/MM_C/sumM_mix 

GOTO 10 

endif 

if Type$ = 'mole fraction’ then 

yA=A 

y_B=B 

y_C=C 

MM_mix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 


mf_A = y_A*MM_A/MM_mix 

mf_B = y_B*MM_B/MM_mix 

mf_C = y_C*MM_C/MM_mix 

GOTO 10 

Endif 

Call ERROR(‘Type$ must be either mass fraction or mole fraction.') 
GOTO 10 

20: 

Call ERROR('The sum of the mass or mole fractions must be 1') 
10: 

END 


"Either the mole fraction y_i or the mass fraction mf_i may be given by setting the parameter Type$='mole fraction’ when the 
mole fractions are given or Type$='mass fraction’ is given" 

{Input Data in the Diagram Window} 

{Type$='mole fraction’ 


A$ = 'N2' 
B$ = 'O2' 
C$ ='Argon' 


A=0.71 "When Type$='mole fraction' A, B, C are the mole fractions" 
B = 0.28 "When Type$='mass fraction’ A, B, C are the mass fractions" 
C = 0.01} 

Call Fractions(Type$,A$,B$,C$,A,B,C:mf_A,mf_B,mf_C,y_A,y_B,y_C) 


SOLUTION 

A=0.71 A$='N2' B=0.28 B$='02' 
C=0.01 C$='Argon' mf_A=0.680 mf_B=0.306 
mf_C=0.014 Type$='mole fraction’ y_A=0.710 
y_B=0.280 y_C=0.010 
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EES 
13-104 A program is to be written to determine the entropy change of a mixture of 3 ideal gases when the mole 
fractions and other properties of the constituent gases are given. Also, the program is to be run for a sample case. 


Analysis The problem is solved using EES, and the solution is given below. 


T1=300 [K] 

T2=600 [K] 

P1=100 [kPa] 

P2=500 [kPa] 

A$ = 'N2' 

B$ = 'O2' 

C$ = 'Argon' 

y_A=0.71 

y_B = 0.28 

y_C = 0.01 

MM_A = molarmass(A$) 

MM_B = molarmass(B$) 

MM_C = molarmass(C$) 

MM_mix = y_A*MM_A+ y_B*MM_B+ y_C*MM_C 

mf_A = y_A*MM_A/MM_mix 

mf_B = y_B*MM_B/MM_mix 

mf_C = y_C*MM_C/MM_mix 
DELTAs_mix=mf_A*(entropy(A$,T=T2,P=y_B*P2)- 
entropy(A$, T=T1,P=y_A*P1))+mf_B*(entropy(B$, T=T2,P=y_B*P2)- 
entropy(B$,T=T1,P=y_B*P1))+mf_C*(entropy(C$,T=T2,P=y_C*P2)-entropy(C$,T=T1,P=y_C*P1)) 


SOLUTION 

A$='N2' 

B$='02' 

C$='Argon' 
DELTAs_mix=12.41 [kJ/kg-K] 
mf_A=0.68 
mf_B=0.3063 
mf_C=0.01366 
MM_A=28.01 [kg/kmol] 
MM_B=32 [kg/kmol] 
MM_C=39.95 [kg/kmol] 
MM_mix=29.25 [kJ/kmol] 
P1=100 [kPa] 

P2=500 [kPa] 

T1=300 [K] 

T2=600 [K] 

y_A=0.71 

y_B=0.28 

y_C=0.01 
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Fundamentals of Engineering (FE) Exam Problems 


13-105 An ideal gas mixture whose apparent molar mass is 20 kg/kmol consists of nitrogen N, and three other gases. If the 
mole fraction of nitrogen is 0.55, its mass fraction is 


(a) 0.15 (b) 0.23 (c) 0.39 (d) 0.55 (e) 0.77 
Answer (e) 0.77 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


M_mix=20 "kg/kmol" 
M_N2=28 "kg/kmol" 
y_N2=0.55 
mf_N2=(M_N2/M_mix)*y_N2 


"Some Wrong Solutions with Common Mistakes:" 

W1_mf = y_N2 "Taking mass fraction to be equal to mole fraction" 
W2_mf= y_N2*(M_mix/M_N2) "Using the molar mass ratio backwords" 
W3_mf= 1-mf_N2 "Taking the complement of the mass fraction" 


13-106 An ideal gas mixture consists of 2 kmol of N, and 6 kmol of CO. The mass fraction of CO, in the mixture is 
(a) 0.175 (b) 0.250 (c) 0.500 (d) 0.750 (e) 0.825 
Answer (e) 0.825 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N1=2 "kmol" 

N2=6 "kmol" 

N_mix=N1+N2 

MM1=28 "kg/kmol" 

MM2=44 "kg/kmol" 

m_mix=N1*MM1+N2*MM2 

mf2=N2*MM2/m_mix 

"Some Wrong Solutions with Common Mistakes:" 
W1_mf = N2/N_mix "Using mole fraction" 
W2_mf = 1-mf2 "The wrong mass fraction" 
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13-86 
13-107 An ideal gas mixture consists of 2 kmol of N, and 4 kmol of CO,. The apparent gas constant of the mixture is 
(a) 0.215 kJ/kg-K (b) 0.225 kJ/kg-K (c) 0.243 kJ/kg-K (d) 0.875 kJ/kg-K (e) 1.24 kJ/kg-K 
Answer (a) 0.215 kJ/kg-K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Ru=8.314 "kJ/kmol.K" 
N1=2 "kmol" 

N2=4 "kmol" 

MM1=28 "kg/kmol" 
MM2=44 "kg/kmol" 
R1=Ru/MM1 
R2=Ru/MM2 
N_mix=N1+N2 
y1=N1/N_mix 
y2=N2/N_mix 
MM_mix=y1*MM1+y2*MM2 
R_mix=Ru/MM_mix 


"Some Wrong Solutions with Common Mistakes:" 
W1_Rmix =(R1+R2)/2 "Taking the arithmetic average of gas constants" 
W2_Rmix= y1*R1+y2*R2 "Using wrong relation for Rmixture" 


13-108 A rigid tank is divided into two compartments by a partition. One compartment contains 3 kmol of N, at 400 kPa 
pressure and the other compartment contains 7 kmol of CO, at 200 kPa. Now the partition is removed, and the two gases 
form a homogeneous mixture at 250 kPa. The partial pressure of N, in the mixture is 


(a) 75 kPa (b) 90 kPa (c) 125 kPa (d) 175 kPa (e) 250 kPa 
Answer (a) 75 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P1 = 400 "kPa" 

P2 = 200 "kPa" 
P_mix=250 "kPa" 
N1=3 "kmol" 

N2=7 "kmol" 
MM1=28 "kg/kmol" 
MM2=44 "kg/kmol" 
N_mix=N1+N2 
y1=N1/N_mix 
y2=N2/N_mix 
P_N2=y1*P_mix 


"Some Wrong Solutions with Common Mistakes:" 

W1_P1= P_mix/2 "Assuming equal partial pressures" 

W2_P1= mf1*P_mix; mfl=N1*MM1/(N1*MM1+N2*MM2) "Using mass fractions" 
W3_P1 = P_mix*N1*P1/(N1*P1+N2*P2) "Using some kind of weighed averaging" 
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13-87 


13-109 An 80-L rigid tank contains an ideal gas mixture of 5 g of N, and 5 g of CO, at a specified pressure and 
temperature. If Nj were separated from the mixture and stored at mixture temperature and pressure, its volume would be 


(a) 32 L (b) 36 L (c) 40 L (d) 49L (e) 80 L 
Answer (d) 49 L 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V_mix=80 "L" 
m1=5 "g" 

m2=5 "g" 

MM1=28 "kg/kmol" 
MM2=44 "kg/kmol" 
N1=m1/MM1 
N2=m2/MM2 
N_mix=N1+N2 
y1=N1/N_mix 
Vi=y1*V_mix "L" 


"Some Wrong Solutions with Common Mistakes:" 
W1_V1=V_mix*m1/(m1+m2) "Using mass fractions" 
W2_V1= V_mix "Assuming the volume to be the mixture volume" 


13-110 An ideal gas mixture consists of 3 kg of Ar and 6 kg of CO, gases. The mixture is now heated at constant volume 
from 250 K to 350 K. The amount of heat transfer is 


(a) 374 kJ (b) 436 kJ (c) 488 kJ (d) 525 kJ (e) 664 kJ 
Answer (c) 488 kJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=250 "K" 

T2=350 "K" 

Cv1=0.3122; Cp1=0.5203 "kJ/kg.K" 

Cv2=0.657; Cp2=0.846 "kJ/kg.K" 

m1=3 "kg" 

m2=6 "kg" 

MM1=39.95 "kg/kmol" 

MM2=44 "kg/kmol" 

"Applying Energy balance gives Q=DeltaU=DeltaU_Ar+DeltaU_CO2" 
Q=(m1*Cv1+m2*Cv2)*(T2-T1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Q = (m1+m2)*(Cv1+Cv2)/2*(T2-T1) "Using arithmetic average of properties" 
W2_Q = (m1*Cp1+m2*Cp2)*(T2-T1)"Using Cp instead of Cv" 

W3_Q = (m1*Cvi+m2*Cv2)*T2 "Using T2 instead of T2-T1" 
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13-88 


13-111 An ideal gas mixture consists of 60% helium and 40% argon gases by mass. The mixture is now expanded 
isentropically in a turbine from 400°C and 1.2 MPa to a pressure of 200 kPa. The mixture temperature at turbine exit is 


(a) 56°C (b) 195°C (c) 130°C (d) 112°C (e) 400°C 
Answer (a) 56°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=400+273"K" 

P1=1200 "kPa" 

P2=200 "kPa" 

mf_He=0.6 

mf_Ar=0.4 

k1=1.667 

k2=1.667 

"The specific heat ratio k of the mixture is also 1.667 since k=1.667 for all componet gases" 
k_mix=1.667 

T2=T1*(P2/P1)*((k_mix-1)/k_mix)-273 


"Some Wrong Solutions with Common Mistakes:" 

W1_T2 = (T1-273)*(P2/P1)*((k_mix-1)/k_mix) "Using C for T1 instead of K" 
W2_T2 = T1*(P2/P1)*((k_air-1)/k_air)-273; k_air=1.4 "Using k value for air" 
W3_T2 = T1*P2/P1 "Assuming T to be proportional to P" 
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13-89 


13-112 One compartment of an insulated rigid tank contains 2 kmol of CO, at 20°C and 150 kPa while the other 
compartment contains 5 kmol of H, gas at 35°C and 300 kPa. Now the partition between the two gases is removed, and the 
two gases form a homogeneous ideal gas mixture. The temperature of the mixture is 


(a) 25°C (b) 29°C (c) 22°C (d) 32°C (e) 34°C 
Answer (b) 29°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N_H2=5 "kmol" 

T1_H2=35 "C" 

P1_H2=300 "kPa" 

N_CO2=2 "kmol" 

T1_CO2=20 "C" 

P1_CO2=150 "kPa" 

Cv_H2=10.183; Cp_H2=14.307 "kJ/kg.K" 

Cv_CO2=0.657; Cp_CO2=0.846 "kJ/kg.K" 

MM_H2=2 "kg/kmol" 

MM_CO2=44 "kg/kmol" 

m_H2=N_H2*MM_H2 

m_CO2=N_CO2*MM_CO2 

"Applying Energy balance gives 0=DeltaU=DeltaU_H2+DeltaU_CO2" 
O=m_H2*Cv_H2*(T2-T1_H2)+m_CO2*Cv_CO2*(T2-T1_CO2) 


"Some Wrong Solutions with Common Mistakes:" 
O=m_H2*Cp_H2*(W1_T2-T1_H2)+m_CO2*Cp_CO2*(W1_T2-T1_CO2) "Using Cp instead of Cv" 
O=N_H2*Cv_H2*(W2_T2-T1_H2)+N_CO2*Cv_CO2*(W2_T2-T1_CO2) "Using N instead of mass" 
W3_T2 = (T1_H2+T1_CO2)/2 "Assuming averate temperature" 
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13-90 


13-113 A piston-cylinder device contains an ideal gas mixture of 3 kmol of He gas and 7 kmol of Ar gas at 50°C and 400 
kPa. Now the gas expands at constant pressure until its volume doubles. The amount of heat transfer to the gas mixture is 


(a) 6.2 MJ (b) 42 MJ (c) 27 MJ (d) 10 MJ (e) 67 MJ 
Answer (e) 67 MJ 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


N_He=3 "kmol" 

N_Ar=7 "kmol" 

T1=50+273 "C" 

P1=400 "kPa" 

P2=P1 

"T2=2T1 since PV/T=const for ideal gases and it is given that P=constant" 
T2=2*T1 "K" 

MM_He=4 "kg/kmol" 

MM_Ar=39.95 "kg/kmol" 

m_He=N_He*MM_He 

m_Ar=N_Ar*MM_Ar 

Cp_Ar=0.5203; Cv_Ar = 3122 "kJ/kg.C" 

Cp_He=5.1926; Cv_He = 3.1156 "kJ/kg.K" 

"For a P=const process, Q=DeltaH since DeltaU+Whb is DeltaH" 
Q=m_Ar*Cp_Ar*(T2-T1)+m_He*Cp_He*(T2-T1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Q =m_Ar*Cv_Ar*(T2-T1)+m_He*Cv_He*(T2-T1) "Using Cv instead of Cp" 
W2_Q=N_Ar*Cp_Ar*(T2-T1)+N_He*Cp_He*(T2-T1) "Using N instead of mass" 
W3_Q=m_Ar*Cp_Ar*(T22-T1)+m_He*Cp_He*(T22-T1); T22=2*(T1-273)+273 "Using C for T1" 
W4_Q=(m_Ar+m_He)*0.5*(Cp_Ar+Cp_He)*(T2-T1) "Using arithmetic averate of Cp" 
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13-91 


13-114 An ideal gas mixture of helium and argon gases with identical mass fractions enters a turbine at 1500 K and 1 MPa 
at a rate of 0.12 kg/s, and expands isentropically to 100 kPa. The power output of the turbine is 


(a) 253 kW (b) 310 kw (c) 341 kw (d) 463 kw (e) 550 kW 
Answer (b) 310 kw 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m=0.12 "kg/s" 

T1=1500 "K" 

P1=1000 "kPa" 

P2=100 "kPa" 

mf_He=0.5 

mf_Ar=0.5 

k_He=1.667 

k_Ar=1.667 

Cp_Ar=0.5203 

Cp_He=5.1926 
Cp_mix=mf_He*Cp_Het+mf_Ar*Cp_Ar 
"The specific heat ratio k of the mixture is also 1.667 since k=1.667 for all componet gases" 
k_mix=1.667 
T2=T1*(P2/P1)((k_mix-1)/k_mix) 
-W_out=m*Cp_mix*(T2-T1) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Wout= - m*Cp_mix*(T22-T1); T22 = (T1-273)*(P2/P1)*((k_mix-1)/k_mix)+273 "Using C for T1 instead of K" 
W2_Wout= - m*Cp_mix*(T222-T1); T222 = T1*(P2/P1)*((k_air-1)/k_air)-273; k_air=1.4 "Using k value for air" 
W3_Wout= - m*Cp_mix*(T2222-T1); T2222 = T1*P2/P1 "Assuming T to be proportional to P" 

W4_Wout= - m*0.5*(Cp_Art+Cp_He)*(T2-T1) "Using arithmetic average for Cp" 


13-115 ... 13-118 Design and Essay Problem 
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14-2 


Dry and Atmospheric Air: Specific and Relative Humidity 


14-1C Dry air does not contain any water vapor, but atmospheric air does. 


14-2C Yes; by cooling the air at constant pressure. 


14-3C Yes. 


14-4C Specific humidity will decrease but relative humidity will increase. 


14-5C Yes, the water vapor in the air can be treated as an ideal gas because of its very low partial pressure. 


14-6C The same. This is because water vapor behaves as an ideal gas at low pressures, and the enthalpy of an ideal gas 
depends on temperature only. 


14-7C Specific humidity is the amount of water vapor present in a unit mass of dry air. Relative humidity is the ratio of the 
actual amount of vapor in the air at a given temperature to the maximum amount of vapor air can hold at that temperature. 


14-8C The specific humidity will remain constant, but the relative humidity will decrease as the temperature rises in a 
well-sealed room. 


14-9C The specific humidity will remain constant, but the relative humidity will decrease as the temperature drops in a 
well-sealed room. 


14-10C A tank that contains moist air at 3 atm is located in moist air that is at 1 atm. The driving force for moisture transfer 
is the vapor pressure difference, and thus it is possible for the water vapor to flow into the tank from surroundings if the 
vapor pressure in the surroundings is greater than the vapor pressure in the tank. 
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14-3 


14-11C Insulations on chilled water lines are always wrapped with vapor barrier jackets to eliminate the possibility of 
vapor entering the insulation. This is because moisture that migrates through the insulation to the cold surface will 
condense and remain there indefinitely with no possibility of vaporizing and moving back to the outside. 


14-12C When the temperature, total pressure, and the relative humidity are given, the vapor pressure can be determined 
from the psychrometric chart or the relation P, = øP. where Psa is the saturation (or boiling) pressure of water at the 


specified temperature and ¢is the relative humidity. 


14-13 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The specific humidity can be determined form its definition, 


o = tv = O9K8 _ 9.9143 kg H, O/kg dry air 
m,  21kg 


21 kg dry air 
(b) The saturation pressure of water at 30°C is 0.3 kg H,O vapor 


P =P oc = 4.2469 kPa 30°C 
g sat @ 30°C 100 kPa 


Then the relative humidity can be determined from 


oP (0.0143)(100 kPa) 


= = = 52.9% 
(0.622+@)P, (0.622 + 0.0143)(4.2469 kPa) 


9 


(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 


P, = gP, = (0.529)(4.2469 kPa) = 2.245 kPa 

P, = P-P, =100-2.245 = 97.755 kPa 

© m,R,T (21kg)(0.287 kJ/kg - K)(303 K) 
PO 97.755 kPa 7 


a 


18.7m? 


V 
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14-4 


14-14 A tank contains dry air and water vapor at specified conditions. The specific humidity, the relative humidity, and the 
volume of the tank are to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The specific humidity can be determined form its definition, 


m, _ 0.3kg 
m 21kg 


a 


= 0.0143 kg H ,O/kg dry air 


21 kg dry air 
(b) The saturation pressure of water at 24°C is 0.3 kg H2O vapor 


= F 20°C 
Py = Ps @20°c = 2-339 kPa rons 
Then the relative humidity can be determined from 
0.0143)(100 kP 
$ (a ut a _9.960=96.0% 


~ (0.622 + @)P, (0.622 + 0.0143)2.339 kPa 


(c) The volume of the tank can be determined from the ideal gas relation for the dry air, 


P, = gP, = (0.960)(2.339 kPa) = 2.245 kPa 

P, = P — P, =100- 2.245 = 97.755 kPa 

© m,R,T (21kg)(0.287 kJ/kg - K)(293K) 
Po 97.755 kPa 


a 


V =18.1m? 


14-15 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 
and the enthalpy per unit mass of dry air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The partial pressure of dry air can be determined from 


P, = 4P, = Paro 2c = (0.85)(2.3392 kPa) = 1.988 kPa 


AIR 
P, = P— P, = 98-1.988 = 96.01 kPa 20°C 
ia eas uk : 98 kPa 
(b) The specific humidity of air is determined from 85% RH 


_0.622P, _ (0.622)(1.988 kPa) 


= 0.0129 kg H ,O/kg dry air 
P-P,  (98-1.988) kPa PTRS 


(c) The enthalpy of air per unit mass of dry air is determined from 
h=h,+@h, =c,T+ah, 
= (1.005 kJ/kg -°C)(20°C) + (0.0129)(2537.4 kJ/kg) 
= 52.78 kJ/kg dry air 
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14-5 


14-16 A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 


and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The partial pressure of dry air can be determined from 
P, = ØP; = GPs @ 20°¢ = (0.85)(2.3392 kPa) = 1.988 kPa 
P, = P - P, =85-1.988 = 83.01kPa 

(b) The specific humidity of air is determined from 


_0.622P, _ (0.622)(1.988 kPa) 


= 0.0149 kg H „O/kg dry air 
P-P,  (85~1.988) kPa A a 


(c) The enthalpy of air per unit mass of dry air is determined from 
h=h, toh, =c,T+oh, 
= (1.005 kJ/kg -°C)(20°C) + (0.0149)(2537.4 kJ/kg) 
= 57.90 kJ/kg dry air 


AIR 
20°C 
85 kPa 
85% RH 


14-17E A room contains air at specified conditions and relative humidity. The partial pressure of air, the specific humidity, 


and the enthalpy per unit mass of dry air are to be determined. 

Assumptions The air and the water vapor are ideal gases. 

Analysis (a) The partial pressure of dry air can be determined from 
P, = @P, = Psat @aser = (0.60)(0.5966 psia) = 0.358 psia 
P, =P - P, =13.5 - 0.358 = 13.14 psia 

(b) The specific humidity of air is determined from 


_ 0.622P, _ (0.622)(0.358 psia) 
P-P, (13.5 - 0.358) psia 


= 0.0169 Ibm H,O/Ibm dry air 


(c) The enthalpy of air per unit mass of dry air is determined from 
h=h, + @h, =c,T + ah, 

= (0.24 Btu/lbm - °F)(85°F) + (0.0169)(1098.3 Btu/lbm) 
= 39.01 Btu/lbm dry air 
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AIR 
85°F 
13.5 psia 
60% RH 


14-6 


14-18 The masses of dry air and the water vapor contained in a room at specified conditions and relative humidity are to be 
determined. 


Assumptions The air and the water vapor are ideal gases. 
Analysis The partial pressure of water vapor and dry air are determined to be 


P, = ØP, = PPe@23c = (0-50)(2.811kPa) = 1.41kPa 


P, = P- P, =98-1.41=96.59 kPa ROOM 

3 
The masses are determined to be 240 m 
23°C 

PV (96.59 kPa)(240 m°) 98 kPa 

a = a = = 272.9 kg 50% RH 


R,T (0.287 kPa - m°/kg - K)(296K) 
PW (1.41kPa)(240 m°) 
R,T (0.4615 kPa - m?/kg - K)(296 K) 


7kg 


m, 


14-19E Humid air is expanded in an isentropic nozzle. The amount of water vapor that has condensed during the process is 
to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are 
to be obtained from water tables. 


Analysis Since the mole fraction of the water vapor in this mixture is very small, 


P (k-1)/k Ena 0.4/1.4 
Da (2 = (960 RÍ ma) =606.1R 
P, 


75 psia 
75 psia Te 
We will assume that the air leaves the nozzle at a relative humidity 500°F AIR 15 psia 
of 100% (will be verified later). The vapor pressure and specific @=0.018 a 


humidity at the outlet are then 


Pio = PoPo» = 9 Peat @146.1°F = (1.0)(3.381 psia) = 3.381 psia 


_ 0.622P,,, _ (0.622)(3.381 psia) 
P-P,, (15—3.381) psia 


O =0.181lbm H,O/lbm dry air 


This is greater than the inlet specific humidity (0.018 lbm/lbm dry air), and thus there will be no condensation of water 
vapor: 


Ao = @, — Œ =0lbmH,Ollbm dry air 
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14-7 


14-20 Humid air is compressed in an isentropic compressor. The relative humidity of the air at the compressor outlet is to 
be determined. 


Assumptions The air and the water vapor are ideal gases. 


Properties The specific heat ratio of air at room temperature is k = 1.4 (Table A-2a). The saturation properties of water are 
to be obtained from water tables. 


Analysis At the inlet, 


800 kPa 
Py =P a1 =P Psat @20°c = (0.90)(2.3392 kPa) = 2.105 kPa 
0.622P, 0.622)(2.105 kP } 
ay =0 = cree C 9) Ake kedya 
P-P,, (100- 2.105) kPa Humid air 
Since the mole fraction of the water vapor in this mixture is very small, f 
(k-1)/k 0.4/1.4 
P. 800 kP 
= Ti = (293K) a =531K 100 kPa 
P, 100 kPa 20°C 
0, 
The saturation pressure at this temperature is 20% RH 
Poo = Pra @ 258°C = 45942 kPa (from EES) 
The vapor pressure at the exit is 
P. . 
@ P, _ (0.0134)(800) _ 16.87 kPa 


v2 æ, +0.622 0.0134+0.622 


The relative humidity at the exit is then 


P 
„ = 2 -18.87 _ 9.9037 = 0.37% 
P> 4542 
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14-8 


Dew-Point, Adiabatic Saturation, and Wet-bulb Temperatures 


14-21C Dew-point temperature is the temperature at which condensation begins when air is cooled at constant pressure. 


14-22C Andy’s. The temperature of his glasses may be below the dew-point temperature of the room, causing 
condensation on the surface of the glasses. 


14-23C The outer surface temperature of the glass may drop below the dew-point temperature of the surrounding air, 
causing the moisture in the vicinity of the glass to condense. After a while, the condensate may start dripping down 
because of gravity. 


14-24C When the temperature falls below the dew-point temperature, dew forms on the outer surfaces of the car. If the 
temperature is below 0°C, the dew will freeze. At very low temperatures, the moisture in the air will freeze directly on the 
car windows. 


14-25C When the air is saturated (100% relative humidity). 


14-26C These two are approximately equal at atmospheric temperatures and pressure. 


14-27 A house contains air at a specified temperature and relative humidity. It is to be determined whether any moisture 
will condense on the inner surfaces of the windows when the temperature of the window drops to a specified value. 


Assumptions The air and the water vapor are ideal gases. 


Analysis The vapor pressure P, is uniform throughout the house, and its 
value can be determined from 


P, = 4P, @25°c = (0.65)(3.1698 kPa) = 2.06 kPa 


The dew-point temperature of the air in the house is 


Tap = Tsat @ P, = Toat @2.06kPa 7 18.0°C 


That is, the moisture in the house air will start condensing when the temperature drops below 18.0°C. Since the windows 
are at a lower temperature than the dew-point temperature, some moisture will condense on the window surfaces. 
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14-28 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold 
outdoors. It is to be determined whether the glasses will get fogged. 


Assumptions The air and the water vapor are ideal gases. 


Analysis The vapor pressure P, of the air in the house is uniform 
throughout, and its value can be determined from 


P, = gP, @25°c = (0.55)(3.1698 kPa) = 1.743 kPa 


The dew-point temperature of the air in the house is 


Tay =Teat@p, =Teat @1.743KPa = 153°C (Table A-5 or EES) 


That is, the moisture in the house air will start condensing when the air temperature drops below 15.3°C. Since the glasses 
are at a lower temperature than the dew-point temperature, some moisture will condense on the glasses, and thus they will 
get fogged. 


14-29 A person wearing glasses enters a warm room at a specified temperature and relative humidity from the cold 
outdoors. It is to be determined whether the glasses will get fogged. 


Assumptions The air and the water vapor are ideal gases. 


Analysis The vapor pressure P, of the air in the house is uniform 
throughout, and its value can be determined from 


P, = gP, @25°c = (0.30)(3.1698 kPa) = 0.9509 kPa 


The dew-point temperature of the air in the house is 


Tap =Taror, =Toar@osso9kpa =6-2°C (Table A-5 or EES) 


That is, the moisture in the house air will start condensing when the air temperature drops below 6.2°C. Since the glasses 
are at a higher temperature than the dew-point temperature, moisture will not condense on the glasses, and thus they will 
not get fogged. 


14-30E A woman drinks a cool canned soda in a room at a specified temperature and relative humidity. It is to be 
determined whether the can will sweat. 


Assumptions The air and the water vapor are ideal gases. 


Analysis The vapor pressure P, of the air in the house is uniform 
throughout, and its value can be determined from 


P, = ØP, @sor = (0.50)(0.50745 psia) = 0.254 psia 


The dew-point temperature of the air in the house is 


Tap = sat @ P, = Tat @ 0.254 psia =59.7°F (from EES) 


That is, the moisture in the house air will start condensing when the air temperature drops below 59.7°C. Since the canned 
drink is at a lower temperature than the dew-point temperature, some moisture will condense on the can, and thus it will 
sweat. 
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14-31 The dry- and wet-bulb temperatures of atmospheric air at a specified pressure are given. The specific humidity, the 
relative humidity, and the enthalpy of air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 
Analysis (a) We obtain the properties of water vapor from EES. The specific humidity @ is determined from 


Cp (T, -T,)+ @h g2 


QO; 
hg -hf 
95 kPa 


where T, is the wet-bulb temperature, and œ is determined from 25°C 


Twp = 17°C 


0.622P,,  (0.622)(1.938 kPa) 


P,-P,,  (95-1.938) kPa 


QO = = 0.01295 kg H,O/kg dry air 


Thus, 


op, = (L005 kJ/kg - °C)(17 — 25)°C + (0.01295)(2460.6 kJ/kg) 
2 (2546.5 — 71.36) kJ/kg 


= 0.00963 kg H ,O/kg dry air 


(b) The relative humidity ¢, is determined from 


oP, 7 (0.00963)(95 kPa) 


= =0.457 or 45.7% 
(0.622 + @,)P,, (0.622 + 0.00963)(3.1698 kPa) 


hı 


(c) The enthalpy of air per unit mass of dry air is determined from 
hy = ha + @hy = cT, + @iNg, = (1.005 kJ/kg -°C)(25°C) + (0.00963)(2546.5 kJ/kg) 
= 49.65 kJ/kg dry air 
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14-32 The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the 
relative humidity, and the dew-point temperature are to be determined. 


Assumptions The air and the water vapor are ideal gases. 
Analysis (a) We obtain the properties of water vapor from EES. The specific humidity œ; is determined from 


Cp (T, -T,)+ @h g2 


a, 
hg: -hf 
100 kPa 
where T; is the wet-bulb temperature, and œ is determined from 26°C 
0.622P, Twp = 21°C 
Oy = ge _ DOZA ACO ES) 2-9 gi sa7 ie Hy Ome diy ait 
P,—Pj, (100- 2.488) kPa 


Thus, 


_ (1.005 kJ/kg -°C)(21 — 26)°C + (0.01587)(2451.2 kJ/kg) 


= 0.01377 kg H ,O/kg dry air 
(2548.3 — 88.10) kJ/kg 


QO; 


(b) The relative humidity ø, is determined from 


oP, 7 (0.01377)(100 kPa) 


= =0.644 or 64.4% 
(0.622 + @)P,, (0.622 + 0.01377)(3.3638 kPa) 


h 


(c) The vapor pressure at the inlet conditions is 


Pa = Pot =P Peat @26°c = (0.644)(3.3638 kPa) = 2.166 kPa 
Thus the dew-point temperature of the air is 


Tap = sat @ P, =T at @2.166 kPa = 18.8°C 


14-11 
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14-33 EES Problem 14-32 is reconsidered. The required properties are to be determined using EES at 100 and 300 kPa 
pressures. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=26 [C] 
Twb=21 [C] 
P1=100 [kPa] 
P2=300 [kPa] 


h1=enthalpy(AirH20,T=Tdb,P=P1,B=Twb) 
v1=volume(AirH20, T=Tdb,P=P1,B=Twb) 
Tdp1=dewpoint(AirH20,T=Tdb,P=P1,B=Twb) 
w1=humrat(AirH20,T=Tdb,P=P1,B=Twb) 
Rhi=relhum(AirH20 ,T=Tdb,P=P1,B=Twb) 


h2=enthalpy(AirH20,T=Tdb,P=P2,B=Twb) 
v2=volume(AirH20, T=Tdb,P=P2,B=Twb) 
Tdp2=dewpoint(AirH2O ,T=Tdb,P=P2,B=Twb) 
w2=humrat(AirH20,T=Tdb,P=P2,B=Twb) 
Rh2=relhum(AirH20,T=Tdb, P=P2,B=Twb) 


SOLUTION 
h1=61.25 [kJ/kg] 
h2=34.16 [kJ/kg] 
P1=100 [kPa] 
P2=300 [kPa] 
Rh1=0.6437 
Rh2=0.4475 

Tdb=26 [C] 
Tdp1=18.76 
Tdp2=13.07 

Twb=21 [C] 
v1=0.8777 [m^3/kg] 
v2=0.2877 [m^3/kg] 
w1=0.01376 [kg/kg] 
w2=0.003136 [kg/kg] 


Alternative Solution 


The following EES routine can also be used to solve this problem. The above EES routine uses built-in psychrometric 
functions whereas the one blow uses analytical expressions together with steam properties. 


"Given" 

T_db=26 [C] 
T_wb=21 [C] 
P=100 [kPa] 


"Properties" 

Fluid$='steam_iapws' 
P_g1=pressure(Fluid$, T=T_db, x=1) 
P_g2=pressure(Fluid$, T=T_wb, x=1) 
h_gi=enthalpy(Fluid$, T=T_db, x=1) 
h_g2= Sno a T u _ Wwb, x=1) 
h_f2=enthalpy(Fluid$, T=T_wb, x=0) 
h_fg2=h_g2-h_f2 

c_p=1.005 [kJ/kg-C] "for air" 
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14-13 
"Analysis" 
"(a) 
w_2=(0.622*P_g2)/(P-P_g2) "kg H2O/kg dry air" 
w_1=(c_p*(T_wb-T_db)+w_2*h_fg2)/(h_g1-h_f2) 
"(b)" 
phi_1=(w_1*P)/((0.622+w_1)*P_g1) 
"(ey 
P_v1=phi_1*P_g1 
T_dp=temperature(Fluid$, P=P_v1, x=1) 


SOLUTION 
c_p=1.005 [kJ/kg-C] 
Fluid$='steam_iapws' 
h_£2=88.1 [kJ/kg] 
h_fg2=2451.2 [kJ/kg] 
h_g1=2548.3 [kJ/kg] 
h_g2=2539.3 [kJ/kg] 
P=100 [kPa] 
phi_1=0.6439 
P_g1=3.3638 [kPa] 
P_g2=2.488 [kPa] 
P_v1=2.166 [kPa] 
T_db=26 [C] 
T_dp=18.8 [C] 
T_wb=21 [C] 
w_1=0.01377 
w_2=0.01587 
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14-34E The dry- and wet-bulb temperatures of air in room at a specified pressure are given. The specific humidity, the 
relative humidity, and the dew-point temperature are to be determined. 


Assumptions The air and the water vapor are ideal gases. 
Analysis (a) The specific humidity @, is determined from 


Cp -T )+ ohg 14.7 psia 
80°F 


@ 
hg — hyo 


Twp = 65°F 


where T, is the wet-bulb temperature, and @ is determined from 


0.622P,, _ (0.622)(0.30578 psia) 


P, -P2 (14.7 - 0.30578) psia 


O = = 0.01321 lbm H,O/lbm dry air 


Thus, 


_ (0.24 Btu/lbm -°F)(65 — 80)°F + (0.01321)(1056.5 Btu/Ibm) 


= 0.00974 Ibm H,O/Ibm dry air 
(1096.1 — 33.08) Btu/Ibm 


1 


(b) The relative humidity ¢, is determined from 


oP, 2 (0.00974)(14.7 psia) 


= —=0.447 or 44.7% 
(0.622 +@,)P,, (0.622 + 0.00974)(0.50745 psia) 


hı 


(c) The vapor pressure at the inlet conditions is 


Pa = P1 = A Peat @7r = (0.447)(0.50745 psia) = 0.2268 psia 


Thus the dew-point temperature of the air is 


Tap =fsat@P, 7 Tat @ 0.2268 psia =56.6°F (from EES) 
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14-35 Atmospheric air flows steadily into an adiabatic saturation device and leaves as a saturated vapor. The relative 
humidity and specific humidity of air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mM, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 


Analysis The exit state of the air is completely specified, and the total pressure is 98 kPa. The properties of the moist air at 
the exit state may be determined from EES to be 


Water 


h, = 78.11kJ/kg dry air 
| 25°C 


@, = 0.02079 kg H, O/kg dry air 


The enthalpy of makeup water is 


hy =hy@osec =104.83kJ/kg (Table A - 4) 


Humidifier 


35°C AIR 25°C 
An energy balance on the control volume gives 98 kPa = +. —_» 98kPa 
100% 


hy + (@ —@,)h,, = hy 
h, + (0.02079 — œ; )(104.83 kJ/kg) = 78.11 kJ/kg 


Pressure and temperature are known for inlet air. Other properties may be determined from this equation using EES. A 
hand solution would require a trial-error approach. The results are 


h, = 77.66 kJ/kg dry air 
@, = 0.01654 kg H, Olkg dry air 
g, = 0.4511 
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Psychrometric Chart 


14-36C They are very nearly parallel to each other. 
14-37C The saturation states (located on the saturation curve). 


14-38C By drawing a horizontal line until it intersects with the saturation curve. The corresponding temperature is the 
dew-point temperature. 


14-39C No, they cannot. The enthalpy of moist air depends on œ, which depends on the total pressure. 


14-40 D The pressure, temperature, and relative humidity of air in a room are specified. Using the psychrometric chart, 
the specific humidity, the enthalpy, the wet-bulb temperature, the dew-point temperature, and the specific volume of the air 
are to be determined. 


Analysis From the psychrometric chart (Fig. A-31) we read 
(a) æ = 0.0087 kg H O/ kg dry air 
(b) h= 45.4 kJ/kg dry air 
(c) T,, =16.3°C 
(d) Ty, =12.0°C 


(e) v=0.851m?/ kg dry air 
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a>) 


14-41 Problem 14-40 is reconsidered. The required properties are to be determined using EES. Also, the properties 
are to be obtained at an altitude of 2000 m. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=23 [C] 

Rh=0.50 

P1=101.325 [kPa] 

Z = 2000 [m] 

P2=101.325*(1-0.02256*Z*convert(m,km))*5.256 "Relation giving P as a function of altitude" 


hi=enthalpy(AirH20, T=Tdb,P=P1,R=Rh) 
v1=volume(AirH20, T=Tdb,P=P1,R=Rh) 
Tdp1=dewpoint(AirH20, T=Tdb,P=P1,R=Rh) 
w1=humrat(AirH20, T=Tdb,P=P1,R=Rh) 
Twb1=wetbulb(AirH2O, T=Tdb,P=P1,R=Rh) 


h2=enthalpy(AirH20,T=Tdb,P=P2,R=Rh) 
v2=volume(AirH20, T=Tdb,P=P2,R=Rh) 
Tdp2=dewpoint(AirH20, T=Tdb,P=P2,R=Rh) 
w2=humrat(AirH2O, T=Tdb,P=P2,R=Rh) 
Twb2=wetbulb(AirH20, T=Tdb,P=P2,R=Rh) 


SOLUTION 
h1=45.4 [kJ/kg] 
h2=51.62 [kJ/kg] 
P1=101.3 [kPa] 
P2=79.49 [kPa] 
Rh=0.5 

Tdb=23 [C] 
Tdp1=12.03 [C] 
Tdp2=12.03 [C] 
Twb1=16.25 [C] 
Twb2=15.67 [C] 
v1=0.8507 [m^3/kg] 
v2=1.089 [m3/kg] 
w1=0.008747 [kg/kg] 
w2=0.01119 [kg/kg] 
Z=2000 [m] 


Discussion The atmospheric pressure for a given elevation can also be obtained from Table A-16 of the book. 
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14-42 The pressure and the dry- and wet-bulb temperatures of air in a room are specified. Using the psychrometric chart, 
the specific humidity, the enthalpy, the relative humidity, the dew-point temperature, and the specific volume of the air are 
to be determined. 


Analysis From the psychrometric chart (Fig. A-31) we read 
(a) @=0.0092 kg H,O/kg dry air 
(b) h=476 kJ/kg dry air 
(c) ¢=49.6% 


(d) Ta =12.8°C 


(e) v = 0.855 m? / kg dry air 


GES 
14-43 Problem 14-42 is reconsidered. The required properties are to be determined using EES. Also, the properties 
are to be obtained at an altitude of 3000 m. 


Analysis The problem is solved using EES, and the solution is given below. 


Tdb=24 [C] 

Twb=17 [C] 

P1=101.325 [kPa] 

Z = 3000 [m] 

P2=101.325*(1-0.02256*Z*convert(m,km))^5.256 "Relation giving P as function of altitude" 


h1=enthalpy(AirH20,T=Tdb,P=P1,B=Twb) 
v1=volume(AirH20,T=Tdb,P=P1,B=Twb) 
Tdp1=dewpoint(AirH2O, T=Tdb,P=P1,B=Twb) 
w1=humrat(AirH20, T=Tdb,P=P1,B=Twb) 
Rh1=relhum(AirH2O0, T=Tdb,P=P1,B=Twb) 


h2=enthalpy(AirH2O, T=Tdb,P=P2,B=Twb) 
v2=volume(AirH20, T=Tdb,P=P2,B=Twb) 
Tdp2=dewpoint(AirH2O, T=Tdb,P=P2,B=Twb) 
w2=humrat(AirH20, T=Tdb,P=P2,B=Twb) 
Rh2=relhum(AirH20, T=Tdb, P=P2,B=Twb) 


SOLUTION 

h1=47.61 [kJ/kg] h2=61.68 [kJ/kg] 
P1=101.3 [kPa] P2=70.11 [kPa] 
Rh1=0.4956 Rh2=0.5438 
Tdb=24 [C] Tdp1=12.81 [C] 
Tdp2=14.24 [C] Twb=17 [C] 


v1=0.8542 [m3/kg] v2=1.245 [m^3/kg] 
w1=0.009219 [kg/kg]  w2=0.01475 [kg/kg] 
Z=3000 [m] 


Discussion The atmospheric pressure for a given elevation can also be obtained from Table A-16 of the book. 
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14-44E The pressure, temperature, and relative humidity of air are specified. Using the psychrometric chart, the wet-bulb 
temperature, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 


Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain 


(a) T,, =81.6°C 


(b) œ = 0.0214 lbm H,O/ Ibm dry air Air 
1 atm 
(c) h = 45.2 Btu/lbm dry air 90°F 
5 70% RH 
(d) Tap = 78.9°F 


(e) P, = ØP, = @P.x@oorr = (0.70)(0.69904 psia) = 0.489 psia 


14-45 The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 


Analysis From the psychrometric chart in Fig. A-31 or using EES psychrometric functions we obtain 


(a) $=0.242 = 24.2% 
(b) œ = 0.0072 kg H,O/ kg dry air 


(c) h=50.6 kJ/kg dry air 


(d) Ty) =9.1°C 


(e) P, = gP, = gPa @3xc = (0.242)(4.760 kPa) = 1.15 kPa 
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14-46 The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to 
be determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 


= Cp (Tz -T,) + @oh g2 


1 
Agi —hp2 


This requires a trial-error solution for the adiabatic saturation 
temperature, T>. The inlet state properties are 


@, = 0.0072 kg H,O/kg dry air 


hg = hg @a2c = 2559.2 kJ/kg 


As a first estimate, let us take T) =18°C (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 100% 
(> =1) and the pressure is 1 atm. Other properties at the exit state are 


@, = 0.0130 kg H,O/kg dry air 
hry =hp @igec = 79.94 kJ/kg (Table A - 4) 
h g2 =" fg @isec = 2458.3 kJ/kg (Table A - 4) 


Substituting, 


Cp, -T,)+@zh 2 _ (1.005)(18 — 32) + (0.0130)(2458.3) 
ho -hfz 2559.2 — 75.54 


; = 0.00720 kg H,O/kg dry air 


which is equal to the inlet specific humidity. Therefore, the adiabatic saturation temperature is 
T = 18°C 


Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air-water mixtures at atmospheric pressure. 


14-47E The pressure, temperature, and wet-bulb temperature of air are specified. Using the psychrometric chart, the relative 
humidity, specific humidity, the enthalpy, the dew-point temperature, and the water vapor pressure are to be determined. 


Analysis From the psychrometric chart in Fig. A-31E or using EES psychrometric functions we obtain 


(a) ¢=0.615=61.5% 
(b) œ = 0.0188 lbm H,O/Ibm dry air 
(c) h=42.3 Btu/lbm dry air 


(d) Ty, =78.9°F 


(e) P, = gP, = gPa @2s°c = (0.615)(0.69904 psia) = 0.430 psia 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-21 


14-48E The pressure, temperature, and wet-bulb temperature of air are specified. The adiabatic saturation temperature is to 
be determined. 


Analysis For an adiabatic saturation process, we obtained Eq. 14-14 in the text, 


= Cp (Tz -T,) + @oh g2 


1 
Agi —hp2 


This requires a trial-error solution for the adiabatic saturation 
temperature, T>. The inlet state properties are 


@, = 0.0188lbm H,O/Ibm dry air (Fig. A-31E) 


hg = hg @ oor = 1100.4 Btu/lbm (Table A-4E) 


As a first estimate, let us take T) =78.9°F ~ 79°F (the inlet wet-bulb temperature). Also, at the exit, the relative humidity is 
100% ( ¢) =1) and the pressure is 1 atm. Other properties at the exit state are 


@, = 0.0215 lbm H,O/ Ibm dry air 

Aro =hy @7xr = 47.07 Btw/lbm (Table A -4E) 

h g2 = fg @7sr = 1048.6 Btu/lbm (Table A - 4E) 
Substituting, 


_ p(T, -T,)+@zh fo _ (0.240)(79 — 90) + (0.0215)(1048.6) 
ho -hfz 1100.4 — 47.07 


a, = 0.0189 lbm H,O/ lbm dry air 


which is sufficiently close to the inlet specific humidity (0.0188). Therefore, the adiabatic saturation temperature is 
T = 79°F 


Discussion This result is not surprising since the wet-bulb and adiabatic saturation temperatures are approximately equal to 
each other for air-water mixtures at atmospheric pressure. 
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Human Comfort and Air-Conditioning 


14-49C It humidifies, dehumidifies, cleans and even deodorizes the air. 


14-50C (a) Perspires more, (b) cuts the blood circulation near the skin, and (c) sweats excessively. 


14-51C It is the direct heat exchange between the body and the surrounding surfaces. It can make a person feel chilly in 
winter, and hot in summer. 


14-52C It affects by removing the warm, moist air that builds up around the body and replacing it with fresh air. 


14-53C The spectators. Because they have a lower level of activity, and thus a lower level of heat generation within their 
bodies. 


14-54C Because they have a large skin area to volume ratio. That is, they have a smaller volume to generate heat but a 
larger area to lose it from. 


14-55C It affects a body’s ability to perspire, and thus the amount of heat a body can dissipate through evaporation. 


14-56C Humidification is to add moisture into an environment, dehumidification is to remove it. 


14-57C The metabolism refers to the burning of foods such as carbohydrates, fat, and protein in order to perform the 
necessary bodily functions. The metabolic rate for an average man ranges from 108 W while reading, writing, typing, or 
listening to a lecture in a classroom in a seated position to 1250 W at age 20 (730 at age 70) during strenuous exercise. The 
corresponding rates for women are about 30 percent lower. Maximum metabolic rates of trained athletes can exceed 2000 
W. We are interested in metabolic rate of the occupants of a building when we deal with heating and air conditioning 
because the metabolic rate represents the rate at which a body generates heat and dissipates it to the room. This body heat 
contributes to the heating in winter, but it adds to the cooling load of the building in summer. 


14-58C The metabolic rate is proportional to the size of the body, and the metabolic rate of women, in general, is lower 
than that of men because of their smaller size. Clothing serves as insulation, and the thicker the clothing, the lower the 
environmental temperature that feels comfortable. 
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14-59C Sensible heat is the energy associated with a temperature change. The sensible heat loss from a human body 
increases as (a) the skin temperature increases, (b) the environment temperature decreases, and (c) the air motion (and thus 
the convection heat transfer coefficient) increases. 


14-60C Latent heat is the energy released as water vapor condenses on cold surfaces, or the energy absorbed from a warm 
surface as liquid water evaporates. The latent heat loss from a human body increases as (a) the skin wetness increases and 
(b) the relative humidity of the environment decreases. The rate of evaporation from the body is related to the rate of latent 


heat loss by Qhatent = Myapor! fg Where hy is the latent heat of vaporization of water at the skin temperature. 


14-61 A department store expects to have a specified number of people at peak times in summer. The contribution of 
people to the sensible, latent, and total cooling load of the store is to be determined. 


Assumptions There is a mix of men, women, and children in the classroom. 


Properties The average rate of heat generation from people doing light work is 115 W, and 70% of is in sensible form (see 
Sec. 14-6). 


Analysis The contribution of people to the sensible, latent, and total cooling load of the store are 
Qpeople, tora = (No. of people) x Qperson, total = 245 x (115 W) = 28,180 W 
Qoi: sensible = (No. of people) x Qizin. sensible = 245 x (0.7 x115 W) = 19,720 W 
Qpeople, latent = (No. of people) x Qperson, latent = 245 x (0.3 x 115 W) = 8450 W 


14-62E There are a specified number of people in a movie theater in winter. It is to be determined if the theater needs to be 
heated or cooled. 


Assumptions There is a mix of men, women, and children in the classroom. 


Properties The average rate of heat generation from people in a movie theater is 105 W, and 70 W of it is in sensible form 
and 35 W in latent form. 


Analysis Noting that only the sensible heat from a person contributes to the heating load of a building, the contribution of 
people to the heating of the building is 


ee edna = (No. of people) x Qasi sensible = 500 x (70 W) = 35,000 W = 119,420 Btu/h 


since 1 W = 3.412 Btu/h. The building needs to be heated since the heat gain from people is less than the rate of heat loss of 
130,000 Btu/h from the building. 
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14-63 The infiltration rate of a building is estimated to be 0.9 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 


Properties The gas constant and the specific heat of air are R = 0.287 kPa.m*/kg.K and Cp = 1.005 kJ/kg-°C (Table A-2). 
The heat of vaporization of water at 24°C is hy =h fg @24c = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 


room air are determined from the psychrometric chart (Fig. A-31) to be 


Tavien = 38°C 

Fie 2a | Wambient = 0.01458 kg/kg dryair 
ambient — 

Toon =24°C 

see S | Wroom = 0.01024 kg/kg dryair 
room = o 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 0.9 times every 
hour, the air will enter the room at a mass flow rate of 


P 
Pambient = = ee a =1.135 kg/m’ 

RT) (0.287 kPa.m?/kg.K)(38 + 273 K) 
Mair = Pambient Voom ACH = (1.135 kg/m? )(20 x 13x 3m?) (0.9 h~t) = 797.0 kg/h = 0.2214 kg/s 


Then the sensible, latent, and total infiltration heat loads of the room are determined to be 
Origin sensible = Mair p (Tambient — Troom ) = (0.2214 kg/s)(1.005 kJ/kg.°C)(38 — 24)°C = 3.11kW 


Qinfiltration, latent = "air (Wambient ~ Wroom JA jg = (0.2214 kg/s)(0.01458 — 0.01024)(2444.1 kJ/kg) = 2.35 kW 


Qinfiltration, total — Qintiltration, sensible + Qinfiltration, latent — 3.11+ 2.35 =5.46 kW 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 
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14-64 The infiltration rate of a building is estimated to be 1.8 ACH. The sensible, latent, and total infiltration heat loads of 
the building at sea level are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 The air infiltrates at the outdoor conditions, and exfiltrates at the indoor 
conditions. 3 Excess moisture condenses at room temperature of 24°C. 4 The effect of water vapor on air density is 
negligible. 

Properties The gas constant and the specific heat of air are R = 0.287 kPa.m*/kg.K and Cp = 1.005 kJ/kg-°C (Table A-2). 
The heat of vaporization of water at 24°C is hy =h fg @24c = 2444.1 kJ/kg (Table A-4). The properties of the ambient and 


room air are determined from the psychrometric chart (Fig. A-31) to be 


Tavien = 38°C 

Fie 2a | Wambient = 0.01458 kg/kg dryair 
ambient — 

Toon =24°C 

see S | Wroom = 0.01024 kg/kg dryair 
room = o 


Analysis Noting that the infiltration of ambient air will cause the air in the cold storage room to be changed 1.8 times every 
hour, the air will enter the room at a mass flow rate of 


Po _ 101.325 kPa 


< = £1.15 kg/m? 
RT, (0.287 kPa.m°/kg.K)(38 + 273 K) 


Pambient = 


Mair = Pambiem Voom ACH = (1.135 kg/m?)(20 x13 x 3m?)(1.8h™) = 1594 kg/h = 0.4427 kg/s 
Then the sensible, latent, and total infiltration heat loads of the room are determined to be 


“mbient ~ Troom) = (0.4427 kg/s)(1.005 kJ/kg.°C)(38 — 24)°C = 6.23 kW 
—Wroom )h jy = (0.4427 kg/s)(0.01458 — 0.01024)(2444.1 kJ/kg) = 4.69 kW 


Qinfiltration, sensible — MairC p T, 


Qinfiltration, latent — Mair (Wambient 


Qinfiltration, total — Qintiltration, sensible + Qinfiltration, latent — 6.23 + 4.69 = 10.92 kW 


Discussion The specific volume of the dry air at the ambient conditions could also be determined from the psychrometric 
chart at ambient conditions. 


14-65 An average person produces 0.25 kg of moisture while taking a shower. The contribution of showers of a family of 
four to the latent heat load of the air-conditioner per day is to be determined. 


Assumptions All the water vapor from the shower is condensed by the air-conditioning system. 
Properties The latent heat of vaporization of water is given to be 2450 kJ/kg. 
Analysis The amount of moisture produced per day is 

m = (Moisture produced per person)(No. of persons) 


‘vapor 


= (0.25 kg / person)(4 persons/ day) = 1 kg / day 
Then the latent heat load due to showers becomes 


Quatent = Myapor fg = (1 kg / day)(2450 kJ / kg) = 2450 kJ / day 
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14-26 
14-66 There are 100 chickens in a breeding room. The rate of total heat generation and the rate of moisture production in 
the room are to be determined. 
Assumptions All the moisture from the chickens is condensed by the air-conditioning system. 


Properties The latent heat of vaporization of water is given to be 2430 kJ/kg. The average metabolic rate of chicken during 
normal activity is 10.2 W (3.78 W sensible and 6.42 W latent). 


Analysis The total rate of heat generation of the chickens in the breeding room is 


Qgen, total = Îgen, total (NO. of chickens) = (10.2 W / chicken)(100 chickens) = 1020 W 
The latent heat generated by the chicken and the rate of moisture production are 


Qgen, latent = f gen, latent (No. of chickens) 


= (6.42 W/chicken)(100 chickens) = 642 W 


= 0.642 kW 
fies _ Geen teen 0642 19/5 _ g nggr64 kg /s = 0.264 B/s 
penne hry 2430 KJ / kg 
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Simple Heating and Cooling 


14-67C Relative humidity decreases during a simple heating process and increases during a simple cooling process. 
Specific humidity, on the other hand, remains constant in both cases. 


14-68C Because a horizontal line on the psychrometric chart represents a œ = constant process, and the moisture content œ 
of air remains constant during these processes. 


14-69 Humid air at a specified state is cooled at constant pressure to the dew-point temperature. The cooling required for 
this process is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma =Ma? =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Analysis The amount of moisture in the air remains constant (@; = @2) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet and exit states of the air are completely specified, and the 
total pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31) 
to be 

h, = 71.3 kJ/kg dry air 

@, = 0.0161kg H,O/kg dry air (= a>) 


Ta 1 = 21.4°C 
The exit state enthalpy is 30°C T 
— 
60% RH 
Beer Á latm AIR 
T, =Tap1 =21.4°C ¢ h, = 62.4 kJ/kg dry air e a nn 
=1 
2 


From the energy balance on air in the cooling section, 


dout = h — hy = 71.3- 62.4 = 8.9 kJ/kg dry air 
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14-70E Humid air at a specified state is heated at constant pressure to a specified temperature. The relative humidity at the 
exit and the amount of heat required are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma =M,7 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 


Analysis The amount of moisture in the air remains constant (@, = @2) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 40 psia. The properties of the air at the inlet and exit states are determined to be 


P = Py: = fP osor = (0.90)(0.17812 psia) = 0.16031 psia 
hor = hy osor = 1083.1 Btu/lbm 


9 @50° 
0.622P,, 0.622(0.16031 psia) 
a = 7 z Q) 
P,-P,  (40-0.16031) psia 50°F 
; oon — 120°F 
= 0.002503 Ibm H ,O/lbm dry air 90% RH psia AIR 


hy =c Ti +@hg 
= (0.240 Btu/lbm - °F)(50°F) + (0.002503)(1083.1 Btu/Ibm) = 14.71 Btu/lbm dry air 


P, = Pa = 0.16031 psia 
Pao = Psat @120°F = 1.6951 psia 
P,» _ 0.16031 psia 
g2  1.6951psia 


hoo =h, @120pf = 1113.2 Btu/lbm 


$y = = 0.0946 = 9.46% 


@ =O, 
h, =c T} +@zh32 
= (0.240 Btu/lbm - °F)(120°F) + (0.002503)(1113.2 Btu/lbm) = 31.59 Btu/lbm dry air 


From the energy balance on air in the heating section, 


qin = h, -h = 31.59 -14.71 = 16.9 Btullbm dry air 
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14-71 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit 
temperature, the exit relative humidity of the air, and the exit velocity are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mM, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Analysis (a) The amount of moisture in the air remains constant (@, = @2) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or 
EES) to be 

h, = 76.14 kJ/kg dry air 

@, = 0.01594 kg H,O/kg dry air (= œ>) 

v =0.8953 m° / kg dry air 


750 kJ/min 


The mass flow rate of dry air through the cooling section is 


35°C 
PSE rer Q) 45% — — © 
a” i Ged D 
v 18 m/s 1 atm AIR 
= l 5 (18 m/s)(z x 0.37/4 m7) 
(0.8953 m* / kg) 
=1.421kg/s 


From the energy balance on air in the cooling section, 


~ Qout z Ma (h = h;) 
— (750/60) kJ/s = (1.421 kg/s)(hy — 76.14) kJ/kg 
h, = 67.35 kJ/kg dry air 


(b) The exit state of the air is fixed now since we know both h, and œ. From the psychrometric chart at this state we read 
T, = 26.5°C 
gy =73.1% 
v, = 0.8706 m° / kg dry air 


(c) The exit velocity is determined from the conservation of mass of dry air, 


YY , VA _ VA 


Mai = Maz 
a a A v, v V> 
V, = 22y = 8708 Gg m/s) = 17.5 m/s 
v 0.8953 
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14-72 Air enters a cooling section at a specified pressure, temperature, velocity, and relative humidity. The exit 
temperature, the exit relative humidity of the air, and the exit velocity are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma? =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Analysis (a) The amount of moisture in the air remains constant (@, = @2) as it flows through the cooling section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 1 atm. The properties of the air at the inlet state are determined from the psychrometric chart (Figure A-31 or 
EES) to be 

h, = 76.14 kJ/kg dry air 

@, = 0.01594 kg H,O/kg dry air (= œ>) 

v =0.8953 m° / kg dry air 


1100 kJ/min 


The mass flow rate of dry air through the cooling section is 


35°C 
EE © 4s% — — ©) 
Ma = ao 18 m/s 1 atm AIR 
= l 5 (18 m/s)(z x 0.37/4 m7) 
(0.8953 m? /kg) 
=1.421kg/s 


From the energy balance on air in the cooling section, 


~ Qout = Ma (hy i hy) 
— (1100/60) kJ/s = (1.421kg/s)(hy — 76.14) kJ/kg 
h, = 63.24 kJ/kg dry air 


(b) The exit state of the air is fixed now since we know both h, and œ. From the psychrometric chart at this state we read 
T, = 22.6°C 
p =92.6% 
v, =0.8591 m° / kg dry air 


(c) The exit velocity is determined from the conservation of mass of dry air, 


v v, ,V1A_V2A 


May = Maz > 
vu v vi Vo 
Va 2y = 023 ig m/s) =17.3 m/s 
v 0.8953 
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14-73 Saturated humid air at a specified state is heated to a specified temperature. The relative humidity at the exit and the 
rate of heat transfer are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mj, = Ma2 =m, ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 


Analysis The amount of moisture in the air remains constant (@,; = @2) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be 


Py = Po = Peat @isec = (1.0)(1.7057 kPa) = 1.7057 kPa 
hor = Ag @isec = 2528.3 kJ/kg 
P, = P, — P, = 200-1.7057 = 198.29 kPa 


Heating 


R,T, 
v =—— 
n ABs 15°C 30°C 
, @ 100% RH AD) 
_ (0.287 kPa -m? / kg- K)(288 K) aR orio AR 
198.29 kPa 
= 0.4168 m? / kg dry air 
0.622 P,  0.622(1.7057 kP 
o= u ( a) _ 0.005350 kg H, O/kg dry air 


P,-P,,  (200—1.7057) kPa 
h, = cT, + @,h,, = (1.005 kJ/kg -°C)(15°C) + (0.005350)(2528.3 kJ/kg) = 28.60 kJ/kg dry air 


P, =P,, =1.7057 kPa 

Py = Pex @30°C = 4.2469 kPa 

g, = P2 ~ 17057 kPa 
? Py 4-2469 kPa 


h> = h, @aerc = 2555.6 kJ/kg 


= 0.402 = 40.2% 


@ = a, 
hy =c „T + @yhgy = (1.005 kJ/kg -°C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 kJ/kg dry air 


Then, 


D’ 0.04 m)* 
V =V\A, =V; 5 =(20 mof 208m") = 0.02513 m?/s 


V, i 
h, =-= ~e = 0.06029 kg/s 
vı 0.4168 m° /kg dry air 


From the energy balance on air in the heating section, 


Qin = M, (h, — h,) = (0.06029 kg/s)(43.82 — 28.60)kJ/kg = 0.918 kW 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-32 


14-74 Saturated humid air at a specified state is heated to a specified temperature. The rate at which the exergy of the 
humid air is increased is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mj, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Analysis The amount of moisture in the air remains constant (@,; = @2) as it flows through the heating section since the 
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total 
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be 


Pa = Pg =P Psat @isec = (1-0)(.7057 kPa) =1.7057 kPa 
ho = hg @isc = 2528.3 kJ/kg 

Sot = Sg @15°c = 8.7803 kJ/kg -K 

Py =P, — P} = 200 -1.7057 = 198.29 kPa 


30°C 

15°C — 

R,T, (0.287kPa-m?/kg-K)(288 K 

en Rat Ih ae Be AOE) 6 :aieeim® ke dyar 100% RH =) 
Pa 198.29 kPa 200kPa AIR 


0.622 P,  0.622(1.7057 kP 
o= a ( 4) _ 9.005350 kg HO/kg dry air 
P,—-P,,  (200—1.7057) kPa 


h, =¢,T; + @hy, = (1.005 kJ/kg -°C)(15°C) + (0.005350)(2528.3 kJ/kg) = 28.60 kJ/kg dry air 


P, =P,, =1.7057 kPa 
= Pra @30°c = 4.2469 kPa 


P,» _ 1.7057 kPa 


py = 
Poo 4.2469 kPa 
Pa =P, =P = 200—-1.7057 = 198.29 kPa 
= hg @30°C = 2555.6 kJ/kg 


92 =Sg@30c = 8-4520 kJ/kg -K 


= 0.402 = 40.2% 


QO, =Q, 
hy =C pT) + @yhgy = (1.005 kJ/kg -°C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 kJ/kg dry air 
The entropy change of the dry air is 
303 198.29 


T, P,» 
S85 —S ~. =c, In RIn— = (1.005) In — — (0.287) In 
(S2 ~Stayair =p T, Pa ae) 288 ( ) 198.29 


= 0.05103 kJ/kg -K 


The entropy change of the air-water mixture is 


Sy — S4 = (S2 — S1 Jaryair + @(S2 — S1 ) water vapor = 0-05103 + (0.005350)(8.4520—8.7803) = 0.04927 kJ/kg -K 


The mass flow rate of the dry air is 


D’ 0.04 m)* 
v =V,A, =V; ` =(20 mof zem = 0.02513 m/s 


_ oY 0.02513 m? / 
m, == mS = 0.06029 kg/s 


vı 0.4168 m? /kg dry air 


The exergy increase of the humid air during this process is then, 


A® = ring (W3 -W1) = Tha (h, — My) - Ty (82 -81 )] 
= (0.06029 kg/s)|(43.82 — 28.60)kJ/kg - (288 K)(0.04927 kJ/kg - K)]= 0.062 kw 
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Heating with Humidification 


14-75C To achieve a higher level of comfort. Very dry air can cause dry skin, respiratory difficulties, and increased static 
electricity. 


14-76 Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 

h; = 311 kJ / kg dry air 

@, = 0.0064 kg H,O / kg dry air (= @5) 

h, = 36.2 kJ / kg dry air 

h; = 58.1 KJ / kg dry air 

@, = 0.0129 kg H,O / kg dry air 


Heating 
coils 


Analysis (a) The amount of moisture in the air %1 = 60% | = = 3 = 65% 
remains constant it flows through the heating e 
section (@ ı = @ 2), but increases in the 


humidifying section (@3 > @2). The amount of @) Q) © 
steam added to the air in the heating section is 


Aæ = @3—@» = 0.0129 — 0.0064 = 0.0065 kg H,O / kg dry air 
(b) The heat transfer to the air in the heating section per unit mass of air is 


qin = ħ — h = 36.2 -311 = 5.1 kJ / kg dry air 
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14-77E Air is first heated and then humidified by water vapor. The amount of steam added to the air and the amount of heat 
transfer to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mM, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E or EES) to be 

h, =12.40 Btu/Ibm dry air 

@, = 0.002586 Ibm H,O/lbm dry air 

h, =18.44 Btu/lbm dry air 

@ = @, = 0.002586 lbm H,O/Ibm dry air 


Heating 
coils 


h, = 27.10 Btu/lbm dry air T; = 40°F T; = 75°F 
3, = 0.008298 lbm H ,O/lbm dry air $1 = 50% $3 = 45% 
Analysis (a) The amount of moisture in the air remains © O0 © 


constant it flows through the heating section (@, = @), but 
increases in the humidifying section (@3 > @2). The amount 
of steam added to the air in the heating section is 


AQ = @3 — @ = 0.008298 — 0.002586 = 0.0057 Ibm H,O/Ibm dry air 


(b) The heat transfer to the air in the heating section per unit mass of air is 


din = h; — h, =18.44 — 12.40 = 6.0 Btu/lbm dry air 
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14-35 
14-78 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of 


heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 23.5 kJ/kg dry air 
@, = 0.0053 kg H,O/kg dry air (= @>) | Sat. vapor 
v, = 0.809 m*/kg dry air 100°C 


Heating 
coils 


h, = 42.3kJ/kg dry air Hiter 

3 = 0.0087 kg H ,O/kg dry air 10°C 

; , ; , ; 70% —> = 

Analysis (a) The amount of moisture in the air remains 35 m/min 
constant it flows through the heating section (@1 = @»), 

but increases in the humidifying section (@3 > @2). The © © (3) 


mass flow rate of dry air is 


_Y_ 35m*/min 


—___—__ = 43.3 kg/min 
v 0.809 m?/kg 


a 


Noting that Q = W =0, the energy balance on the humidifying section can be expressed as 


E = E AÈ siem (steady) =0 


out 7 


=E 


in 


E in out 


“mh =}mh, — mh, +myhy = m,h; 
(@3—@2)hy, + hy = hg 
Solving for hy, 
hy =h; —(@3 — @ )hg @100°c = 42.3— (0.0087 — 0.0053)(2675.6) = 33.2 kJ/kg dry air 


Thus at the exit of the heating section we have @ = 0.0053 kg H20 dry air and h; = 33.2 kJ/kg dry air, which completely 
fixes the state. Then from the psychrometric chart we read 


T, =19.5°C 
by = 37.8% 


(b) The rate of heat transfer to the air in the heating section is 


Qin = rh, (hy —h,) = (43.3 kg/min)(33.2 — 23.5) kJ/kg = 420kJ/min 


(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation 
of water in the humidifying section, 


m, = r, (@3 —@>) = (43.3 kg/min)(0.0087 — 0.0053) = 0.15 kg/min 
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14-36 
14-79 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of 
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined. 
Assumptions 1 This is a steady-flow process and thus the mass flow 
rate of dry air remains constant during the entire process 
(Mma = Ma2 =m,).2 Dry air and water vapor are ideal gases. 3 The 


100°C 
i Humidifier 


| Sat. vapor 


Heating 
coils 


NNN) 


kinetic and potential energy changes are negligible. 
Analysis (a) The amount of moisture in the air also remains 


constant it flows through the heating section (@; = @2), but 10°C 20°C 
increases in the humidifying section (@3 > @2). The inlet 70% au P 60% 
and the exit states of the air are completely specified, and 35 m/min 

the total pressure is 95 kPa. The properties of the air at a o a e 
various states are determined to be © © © 


Py = f P}1 = %1 Pa @10°c = (0.70)(1.2281 kPa) = 0.860 kPa (= P,») 
P, = P, - P, =95- 0.860 = 94.14 kPa 


y, Ral _ (0.287 kPa - m? / kg - K)(283 K) 
1 


= 0.863 m° / kg dry air 
Pa 94.14 kPa 


_ 0.622 P„ _ 0.622(0.86 kPa) 
P,—-P„,  (95—0.86) kPa 


QO, = 0.00568 kg H, O/kg dry air (= ø») 


h, =c pT, + @hg, = (1.005 kJ/kg -°C)(10°C) + (0.00568)(2519.2 kJ/kg) = 24.36 kJ/kg dry air 
P3 = $3P,3 = hPa @ 2c = (0.60)(2.3392 kPa) = 1.40 kPa 


0.622P,, _ 0.622(1.40 kPa) 
P;-P,, | (95-1.40) kPa 


QO; = 0.00930 kg H,O/kg dry air 


hy = cT} + @shg = (1.005 kJ/kg - °C)(20°C) + (0.0093)(2537.4 kJ/kg) = 43.70 kJ/kg dry air 


YY 3 /mi 
Also, mm, == sant a = 40.6 kg/min 
4 0.863m°/kg 
Noting that Q = W = 0, the energy balance on the humidifying section gives 


E ZA E 70 (steady) 


system 


in Eoi =0 > Ein = Fou 


“m,h, =} mh; — > m,,h,, +m oh) = Mh; >(@, —@,)h,, +h, =h, 
hy =h; —(@3 —@) )hg @100c = 43-7 — (0.0093 — 0.00568) x 2675.6 = 34.0 kJ/kg dry air 
Thus at the exit of the heating section we have ø = 0.00568 kg H20 dry air and h, = 34.0 kJ/kg dry air, which completely 
fixes the state. The temperature of air at the exit of the heating section is determined from the definition of enthalpy, 
hy =c T + @yhgy = CpT3 + @, (2500.9 + 1.82T, ) 
34.0 = (1.005)T, + (0.00568)(2500.9 + 1.82T, ) 


Solving for hp, yields 


T, =19.5°C 
The relative humidity at this state is 
P P 
p, =- =—__ 4% -= _0.860kPa _ 0.377 or 37.7% 
P2 Pagiwgse 22759 kPa 


(b) The rate of heat transfer to the air in the heating section becomes 


Qin = m, (hy — h; ) = (40.6 kg/min)(34.0 — 24.36) kJ/kg = 391kJ/min 
(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation 
of water in the humidifying section, 

m, = M, (@3 — @, ) = (40.6 kg / min)(0.0093— 0.00568) = 0.147 kg / min 
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14-37 


Cooling with Dehumidification 


14-80C To drop its relative humidity to more desirable levels. 


14-81E Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the cooling 
requirement are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma = Ma2 =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E) to be 

h, = 52.2 Btu/lbm dry air 

@, = 0.0278 kg H, O/kg dry air 


Cooling coils 


and 
$y =1.0 Tı = 90°F 
zel 


6 
b> =100% 6> g > tatm $1 = 90% 
h, = 20.3 Btu/lbm dry air : DURE 


i 6 
©, = 0.0076 kg H,O/kg dry air Q = Q 


Also, goor Condensate 

h, =h; osp =28.08Btu/lbm (Table A-4) Femoval 
Analysis The amount of moisture in the air decreases due to dehumidification (@2 < @,). Applying the water mass balance 
and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


È myi =È Mye > Ma0 = Ma2 +M, 


AQ@ = @, — @, = 0.0278 — 0.0076 = 0.0202 Ibm H, O/lbm dry air 


Energy Balance: 
= AE system 0 (steady) _ 0 
= Eou 
2 m;h; = Qout +2 Mehe 
Qon = mah -(Mmazħ +m,,h,,) =m, (h, —hy)-m,h,, 
Four =h — hy —(@, -03 hy, 
= (52.2 — 20.3)Btu/Ibm — (0.0202)(28.08) 


= 31.3 Btu/lbm dry air 
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14-82 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the rate of 
cooling are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma =M,7 =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 79.6 kJ/kg dry air 
@, = 0.0202 kg H ,O/kg dry air 
v; = 0.881m°/kg dry air 


Cooling coils 


and Tə = 18°C ) T, = 28°C 
$, =1.0 $2 =100% ote Tapr=25° 


hy = 51.0 kJ/kg dry air QO FT # © 
@, = 0.0130 kg H,O/kg dry air 


Also, 20°C Condensate 
removal 
h, = hf @zc =83.915kJ/kg (Table A-4) 


Analysis The amount of moisture in the air decreases due to dehumidification (@2 < @1). The mass flow rate of air is 


V,  (10,000/3600) m? /s 
vı 0.881m°/kg dry air 


Ma =3.153kg/s 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


È myi =È Mye > MaA = Ma0 +My 

m, = m, (@ — 0, ) = (3.153 kg/s)(0.0202 — 0.0130) = 0.0227 kg/s 
Energy Balance: 

PrE AEn D 
Tin = Éon 
E rhihi = Qoue +È hehe 


Qout = Mah > (Maohp + myhy) = Ma (h = hy) a myh,, 
Quat = (3.153 kg/s)(79.6 — 51.0)kJ/kg — (0.02227 kg/s)(83.915 kJ/kg) 


= 88.3 kW 
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14-83 Air is cooled and dehumidified at constant pressure. The syatem hardware and the psychrometric diagram are to be 
sketched and the inlet volume flow rate is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mj, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Properties (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 


AirH20 
0.050 T T T T T T T T T T T T T 


Pressure = 101.3 [kPa] 


0.045 
0.040 
0.035 
0.030 
0.025 


0.020 


Humidity Ratio 


0.015 
0.010 
0.005 


0 5 10 15 20 25 30 35 40 
T [°C] 


(b) The inlet and the exit states of the air are completely specified, and the total pressure is 101.3 kPa (1 atm). The 
properties of the air at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be 


Ta = 26.7°C 
h, = 96.5 kJ/kg dry air 
@, = 0.0222 kg H,O/kg dry air 
v; = 0.916 m*/kg dry air 


Cooling coils 


T, =16.7°F ae 
and > =100% * 2g d éd 101.3 kPa ~ pamal 
T, =T, -10 = 26.7 -10 =16.7°C a2 s2 Condensate 
VA =1.0 © | Q 
h, = 46.9 kJ/kg dry air Condensate 
@ = 0.0119 kg H,O/kg dry air 16.7°C F emoval 


Also, 
h, =h f@1s.7c = 70.10 kJ/kg (Table A-4) 


Analysis Applying the water mass balance and energy balance equations to the combined cooling and dehumidification 
section, 


Water Mass Balance: 


È myi =È Mye > Ma0, 5 Ma2 +MY 


My =m,(@—-@)) 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-40 
Energy Balance: 


= AE $70 (steady) -0 


system 
=E 
È m;h; = Qout +È mehe 
Qout = Marh — (tħazhz + myhy) 
=m,(h, -h,)-m,hy 


=m, (hy —hy)—m, (@, -0)h, 


out 


Solving for the mass flow rate of dry air, 


m, = Qou = ease =27.Akg/ 
a k g/s 
(h, —h,)—(@,—@)h,, (96.5 — 46.9) kJ/kg — (0.0222 — 0.0119)(70.1 kJ/kg) 


The volume flow rate is then determined from 


V, = mv; = (27.4kg/s)(0.916 m?/kg) = 25.1m/s 
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14-84E Saturated humid air at a specified state is cooled at constant pressure to a specified temperature. The rate at which 
liquid water is formed and the rate of cooling are to be determined. 

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mM, = Ma2 =m, ). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis The amount of moisture in the air remains 
constant (@1 = @2) as it flows through the heating section 


Cooling coils 


since the process involves no humidification or T,=200°F 
dehumidification. The inlet state of the air is completely Tz =100°F ; ‘ 4 J i ,=100% 
specified, and the total pressure is 70 psia. The properties $2 =100% pó K 6 : BEN P V,=50 ft/s 
of the air at the inlet and exit states are determined to be 4 Condensate 


= P51 = 1 Peat @200°F = (1.0)(11.538 psia) =11.538 psia © ; © 


hot = h, @2007 =1145.7 Btu/lbm SEEE 


150°F 
removal 


_ 0.622 P,, _ 0.622(11.538 psia) 
P,—P,  (70-11.538) psia 


= 0.1228 lbm H ,O/lbm dry air 


h, = cT, +@h,; = (0.240 Btu/Ibm - °F)(200°F) + (0.1228)(1145.7 Btu/lbm) = 188.7 Btu/lbm dry air 


y, Rai _ (0.3704 psia - ft? / Ibm-R)(660 K) 


- = 4,182 ft? /Ibm dry air 
Py (70 —11.538) psia 


and 
Pa = Poo = > Psat @100°F = (1.0)(0.95052 psia) = 0.95052 psia 


hj» =h p = 1104.7 Btu/Ibm 


g g @100° 


pie es EOE Ea) 25 Gone bso) in aera 
2? P,-P„  (70—0.95052) psia ` $ 


h, =C „T, + @yhgy = (0.240 Btu/lbm -°F)(100°F) + (0.00856)(1104.7 Btu/lbm) = 33.46 Btu/lbm dry air 


We assume that the condensate leaves this system at the average temperature of the air inlet and exit: 
hy, = hf @isor =117.99 Btu/lbm (Table A-4E) 


The mass flow rate of the dry air is 


: D2 2 
Ü, =V,A, =V; - = (50 pof zere = 2.454 ft?/s 


0  2454ft?/s 
¥, 4.182 ft? /lbm dry air 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


m = 0.5868 lbm/s 


a 


Water Mass Balance: 


Zy =È Mye > Ma0; = Ma0 +My 
m,, = m, (@, — æ, ) = (0.5868 lbm/s)(0.1228 — 0.00856) = 0.0670 Ibm/s 
Energy Balance: 


È -È #0 (steady) _ 0 


in out = AE 


system 
Éin = E out 
È m;h; = On, T > Mehe 
Qout ae Mah E (Mgzhy + myhy) 
= Mg (hy — hy) — myhy 
= (0.5868 lbm)(188.7 — 33.46)Btu/Ibm — (0.06704 Ibm)(117.99 Btu/Ibm) 
= 83.2 Btu/s 
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14-85 Air is first cooled, then dehumidified, and finally heated. The temperature of air before it enters the heating section, 
the amount of heat removed in the cooling section, and the amount of heat supplied in the heating section are to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 
Analysis (a) The amount of moisture in the air decreases due to dehumidification (@3 < @,), and remains constant during 
heating (@3 = @2). The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The 


intermediate state (state 2) is also known since ø = 100% and @2 = @3. Therefore, we can determine the properties of the 
air at all three states from the psychrometric chart (Fig. A-31) to be 


h = 95.2 kJ/kg dry air 
æ; = 0.0238 kg H,O/ kg dry air 


Cooling 
section 


Heating 
section 


and 
. T, = 34°C T3 = 22°C 
h, = 43.1 kJ/kg dry air 1 T. 3 
3 aoe ; 1 = 70% PEPE, i 1 atm %3 = 50% 
@3 = 0.0082 kg H,O/kg dry air (= @,3) d 4 d 4 AIR 
Also, © 1 Q) © 
h, = h f @wc = 42.02 kJ/kg (Table A -4) W | 10°C 
hy = 31.8 kJ/kg dry air 
T, =11.1°C 


(b) The amount of heat removed in the cooling section is determined from the energy balance equation applied to the 
cooling section, 


£ AÈ AO (steady) _ 
Ein ~ ou = AE system P 
En =Ë 
Lm; h; = È mehe + Qout,cooling 


Oiitcooing = Mah 75 (Mg yh, + myhy) z Ma (h, > hy) = myhy 


out 


or, per unit mass of dry air, 


dout,cooling T (h, = hy) ~ (a, 70 )hy, 
= (95.2 — 31.8) — (0.0238 — 0.0082)42.02 
= 62.7 kJ/kg dry air 


(c) The amount of heat supplied in the heating section per unit mass of dry air is 


dineating = 3 — hy = 431-318 = 11.3 kJ / kg dry air 
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14-86 D Air is cooled by passing it over a cooling coil through which chilled water flows. The rate of heat transfer, the 
mass flow rate of water, and the exit velocity of airstream are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis (a) The saturation pressure of water at 32°C is 4.76 kPa (Table A-4). Then the dew point temperature of the 
incoming air stream at 32°C becomes 


Tap =! sat @P, = Tsat @ 0.74.76 kPa = 25.8°C (Table A-5) 
since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. The 


amount of moisture in the air decreases due to dehumidification (@, < @,). The inlet and the exit states of the air are 


completely specified, and the total pressure is 1 atm. Then the properties of the air at both states are determined from the 
psychrometric chart (Fig. A-31 or EES) to be 


h, = 86.35 kJ/kg dry air 
œ, =0.02114kg H,O/kg dry air Water 


T T+6°C 
v; =0.8939 m?/kg dry air 


and Cooling coils 
h, = 57.43 kJ/kg dry air 


@ = 0.0147 kg H,O/kg dry air 32°C 
ae 70% 20 © 
v, =0.8501m°/kg dry air 120 m/min > AIR Saturated 


Also, hy =h¢ @20°c = 83.91 kJ/kg (Table A-4) 


Then, 


D? 0.4m)? 
V =V4A =V; = = (120 niin] SOD =15.08m?/min 


_Y_15.08m*/min 
vı 0.8939 m? / kg dry air 


Ma =16.87 kg/min 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the water), 


Water Mass Balance: Empi =È ype —— Ma0 = M0 +My 
m, = i, (@, — @>) = (16.87 kg/min)(0.02114 — 0.0147) = 0.1086 kg/min 


: : AE AO (steady) _ ` oF 
Ein a Eout = AE system =0 > Ein z E out 


Energy Balance: ; 
mh; = L Meh + Qour ——> Qou = Mah — Mgghy + myhy) = m, (h — hy) - myhy 


Qo = (16.87 kg/min)(86.35 — 57.43)kJ/kg — (0.1086 kg/min)(83.91 kJ/kg) = 478.7 kJ/min 


(b) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


Ah=m 


Qeooling water — Meooling water c p AT 


P = Q, _  478.7kJ/min 
colingwater © AT (4.18 kJ/kg -°C)(6°C) 


cooling water 


= 19.09 kg/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 


ARA VA _VoA 


May = Map > 
vu v vu v 
0.8501 
Ms Vy, = (120 m/min) =114 m/min 
v, | 0.8939 
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EES 
14-87 Problem 14-86 is reconsidered. A general solution of the problem in which the input variables may be 
supplied and parametric studies performed is to be developed and the process is to be shown in the psychrometric chart for 
each set of input variables. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data from the Diagram Window" 
{D=0.4 

P[1] =101.32 [kPa] 

T[1] = 32 [C] 

RH[1] = 70/100 "%, relative humidity" 
Vel[1] = 120/60 "[m/s]" 

DELTAT_cw =6 [C] 

P[2] = 101.32 [kPa] 

T[2] = 20 [C]} 

RH[2] = 100/100 "%" 


"Dry air flow rate, m_dot_a, is constant" 
Vol_dot[1]= (pi * D*2)/4*Vel[1] 
v[1J=VOLUME (AirH20, T=T[1],P=P[1], R=RH[1]) 
m_dot_a = Vol_dot[1]/v[1] 


"Exit vleocity" 

Vol_dot[2]= (pi * D*2)/4*Vel[2] 
v[2]=VOLUME(AirH20, T=T[2],P=P[2], R=RH[2]) 
m_dot_a = Vol_dot[2]/v[2] 


"Mass flow rate of the condensed water" 
m_dot_v[1]=m_dot_v[2]+m_dot_w 
w[1J=HUMRAT(AirH20, T=T[1],P=P[1], R=RH[1]) 
m_dot_v[1] = m_dot_a*w[1] 
w[2]=HUMRAT(AirH20, T=T[2],P=P[2],R=RH[2]) 
m_dot_v[2] = m_dot_a*w[2] 


"SSSF conservation of energy for the air" 

m_dot_a *(h[1] + (1+w[1])*Vel[1]*2/2*Convert(m*2/s*2, kJ/kg)) + Q_dot = m_dot_a*(h[2] 
+(1+w[2])*Vel[2]*2/2*Convert(m*2/s*2, kJ/kg)) +m_dot_w*h_liq_2 
h[1J=ENTHALPY (AirH20, T=T[1],P=P[1],w=w[1]) 
h[2]=ENTHALPY (AirH20, T=T[2],P=P[2],w=w[2]) 
h_liqg_2=ENTHALPY (Water, T=T[2],P=P[2]) 


"SSSF conservation of energy for the cooling water" 
-Q_dot =m_dot_cw*Cp_cw*DELTAT_cw "Note: Q_netwater=-Q_netair" 
Cp_cw = SpecHeat(water, T=10,P=P[2])"kJ/kg-K" 
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RH, Mew Qout Vel2 

[kg/s] [kW] [m/s] 
0.5 0.1475 3.706 1.921 
0.55 0.19 4.774 1.916 
0.6 0.2325 5.842 1.911 
0.65 0.275 6.91 1.907 
0.7 0.3175 7.978 1.902 
0.75 0.36 9.046 1.897 
0.8 0.4025 10.11 1.893 
0.85 0.445 11.18 1.888 
0.9 0.4875 12.25 1.884 


Pressure = 101.0 [kPa] 


Humidity Ratio 


Qout [kW] 
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14-88 Air is cooled by passing it over a cooling coil. The rate of heat transfer, the mass flow rate of water, and the exit 


velocity of airstream are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis (a) The dew point temperature of the incoming air stream at 35°C is 


Pa = hPg = H Poat @32°C 


= (0.7)(4.76 kPa) = 3.332 kPa Water, T T+ 6°C 


Tap = + sat @ P, = Tat @3.332 kPa = 29.8°C 


Since air is cooled to 20°C, which is below its dew point 
temperature, some of the moisture in the air will condense. 


The amount of moisture in the air decreases due = 
to dehumidification (@, < @,). The inlet and the exit 120 m/min 
states of the air are completely specified, and the total 
pressure is 95 kPa. Then the properties of the air at both 
states are determined to be 
P, =P, - Pa =95 -3.332 = 91.67 kPa 
R,T, _ (0.287 kPa - m? / kg - K)(305K 
pee Tin MS C02 I) 65640 ai" aaya 
Py 91.67 kPa 
0.622P,  0.622(3.332 kP 
a, = vie a) _ 9.02261 kg H,O/kg dry air 


P,-P,,  (95—3.332) kPa 
h, =c „T, + hg, = (1.005 kJ/kg : °C)(32°C) + (0.02261)(2559.2 kJ/kg) 


gl = 
= 90.01 kJ/kg dry air 
and 
Py = P32 = (1.00) Prat @20°¢ = 2-339 kPa 
RUT. à .m? : 
gial 02 Bian” ike G28) Saosin sida 
Pi (95 — 2.339) kPa 
0.622 P . i 
Oy = v2 _ 0.622(2-339 KPa) _ 9.0157 kg H,O/kg dry air 
P, -P,„  (95- 2.339) kPa 
hy =c „T + @yhgy = (1.005 kJ/kg - °C)(20°C) + (0.0157)(2537.4 kJ/kg) 
= 59.94 kJ/kg dry air 
Also, 
hy = hf @20¢ =83.915 kJ/kg (Table A-4) 
Then, 


D’ 0.4m)? 
V =VA =V; F = (120 nmin] ZCA) =15.08 m° / min 


V 15.08m?/min 
¥, 0.9549 m? / kg dry air 


Ma = =15.79 kg/min 


Cooling coils 


20°C 
AIR Saturated 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section 


(excluding the water), 
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Water Mass Balance: 
Um, ; =UMye — > Ma0 = Ma0 +m, 
m, =M,(@, — @) = (15.79 kg/min)(0.02261 — 0.0157) = 0.1090 kg/min 


Energy Balance: 


= > : 70 (stead: 
Ein = E out F AE system G= 0 


Ein = E out 


È rh;h; = Èh, + Qout > Qou = maħ B (Mazħz + yhy) = Ma (h Fe hy) z myhy 
Qou = (15.79 kg/min)(90.01 — 59.94)kJ/kg — (0.1090 kg/min)(83.915 kJ/kg) = 465.7 kJ/min 


(b) Noting that the heat lost by the air is gained by the cooling water, the mass flow rate of the cooling water is determined 
from 


= Ah =m CAT 


cooling water 


= Qy 465.7 kJ/min 
cootingwater © AT (4.18 kJ/kg -°C)(6°C) 


Qeooling water cooling water 


m = 18.57 kg/min 


(c) The exit velocity is determined from the conservation of mass of dry air, 


VU, Vy „VA VA 


Ma = Mao > 
v v vi V2 
0.9075 , 
V, = 22y, = (120 m/min) = 114 m/min 
v, | 0.9549 
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14-89 Air flows through an air conditioner unit. The inlet and exit states are specified. The rate of heat transfer and the 
mass flow rate of condensate water are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 
Analysis The inlet state of the air is completely 
specified, and the total pressure is 98 kPa. The 


properties of the air at the inlet state may be 
determined from (Fig. A-31) or using EES 


Cooling coils 


psychrometric functions to be (we used EES) Tap2 = 25°C Tai Bias 
h, = 77.88 kJ/kg dry air Tae Gai Lee Soe 
ee 8 ary | d a d g2 Condensate P =98 kPa 
@, = 0.01866 kg H, O/kg dry air © < O 
g, = 0.6721 
The partial pressure of water vapor at the exit state is 25°C Condensate 
removal 
P, = Prr@e.sec = 9.9682 kPa (Table A-4) 


The saturation pressure at the exit state is 


Py» = Page = 3-17 kPa (Table A-4) 


Then, the relative humidity at the exit state becomes 
P,» 0.9682 


Pix 3.417 


= 0.3054 


pz 


Now, the exit state is also fixed. The properties are obtained from EES to be 
hy = 40.97 kJ/kg dry air 
@, = 0.006206 kg H,O/kg dry air 
v, = 0.8820 m*/kg 
The mass flow rate of dry air is 
— Vy — 1000 m°/min 
V> 0.8820 m2/kg 


= 1133.8 kg/min 


a 


The mass flow rate of condensate water is 
mM, =M,(@, — @, ) = (1133.8 kg/min)(0.01866 - 0.006206) = 14.12 kg/min = 847.2 kg/h 
The enthalpy of condensate water is 


Ayo =hy@asec = 104.83 kJ/kg (Table A - 4) 
An energy balance on the control volume gives 


Mah, = Ose F Mahz 25 My hyo 
(1133.8 kg/min)(77.88 kJ/kg) = Qo; + (1133.8 kg/min)(40.97 kJ/kg) + (14.12 kg/min)(104.83 kJ/kg) 


Qut = 40,377 kI/min = 672.9 kW 
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14-90 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and 
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer 
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section 
are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (m, = m, = m). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the 


air at the inlet and exit states may be determined from the psychrometric chart (Fig. A-31) or using EES psychrometric 
functions to be (we used EES) 


Tapı = 15.7°C 
Tp» =19.5°C Cooling coils 
h, = 55.60 kJ/kg dry air . T=10°C | ee 
œ = 0.01115kg H,O/kg dry air ¢.=90%~ | dad ò latm T— $,=50% 
| gg * —Condensat 
a ondensate | 


v, = 0.8655 m° / kg dry air 


hy = 27.35 kJ/kg dry air Q = © 


= 0.00686 kg H,O/kg d i 
Oz E aG CYA Condensate 


10°C 
removal 


The mass flow rate of dry air is 
T V, — Voq-ACH (2 m_?/change)(5 changes/min) 


=11.55 kg/min 
v v 0.8655 m° 


a 


The mass flow rates of vapor at the inlet and exit are 
m,, =@,m, =(0.01115)(11.55 kg/min) = 0.1288 kg/min 
Myo =@7M, = (0.00686)(11.55 kg/min) = 0.07926 kg/min 
An energy balance on the control volume gives 
Tg hy = Qou +a hy + Ti, hyo 
where the the enthalpy of condensate water is 
Ayo =Nr@ioec = 42.02 kJ/kg (Table A-4) 
and the rate of condensation of water vapor is 
my, = m —M, = 0.1288- 0.07926 = 0.0495 kg/min 
Substituting, 
Mah, = Qou +Mghy +My hy 
(11.55 kg/min)(55.60 kJ/kg) = Qout + (11.55 kg/min)(27.35 kJ/kg) + (0.0495 kg/min)(42.02 kJ/kg) 
Qou = 324.4 kJ/min = 5.41kW 
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AirH2O0 


Pressure = 101.3 [kPa] al 


35°C 


Humidity Ratio 
So 9 
Oo i=) 
8 X 
ó 
fi fi | 


0.44 

0.015 20°C 4 
0.010 os Ce 4 
o 0.27 


0 5 10 15 20 25 30 35 40 
T [°C] 


Discussion We we could not show the process line between the states 1 and 2 because we do not know the process path. 
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14-91 Atmospheric air flows into an air conditioner that uses chilled water as the cooling fluid. The mass flow rate of the 
condensate water and the volume flow rate of chilled water supplied to the air conditioner are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Analysis We may assume that the exit relative humidity is 100 percent since the exit temperature (18°C) is below the dew- 
point temperature of the inlet air (25°C). The properties of the air at the exit state may be determined from the 
psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES) 

h, =51.34kJ/kg dry air 

@, = 0.01311 kg H,O/kg dry air 


Cooling coils 


The partial pressure of water vapor at the inlet T, = 18°C T; = 28°C 
state is (Table A-4) 2 oe Tap = 
100% RH «—— aes +—— 350 C 
— = G 
Py = Py@ 25sec = 3-17 kPa 100 kPa pey ; dò — Condensate 2000 m2/h 


The saturation pressure at the inlet state is Q) , © 


P, = Pag2gc =3.783kPa (Table A-4) 


18°C Condensate 
Then, the relative humidity at the inlet state becomes removal 
P 
ġ =-= 317 _ 9.9379 
Pa 3.783 


Now, the inlet state is also fixed. The properties are obtained from EES to be 
h, = 80.14 kJ/kg dry air 
@, = 0.02036 kg H ,O/kg dry air 
v, = 0.8927 m*/kg 


The mass flow rate of dry air is 


_ ¥Y,_ (2000/60) m*/h 
v, 0.8927 m?/kg 


=37.34kg/min 


a 


The mass flow rate of condensate water is 
My = Ma (a, —@) 
= (37.34 kg/min)(0.02036 - 0.01311) 
= 0.2707 kg/min 
= 16.24 kg/h 


The enthalpy of condensate water is 


hy =h joic =75.54kJ/kg (Table A - 4) 


An energy balance on the control volume gives 


mh, = Qout +m,hy +myhyo 


(37.34 kg/min)(80.14 kJ/kg) = Q,,, + (37.34 kg/min)(51.34 kJ/kg) + (0.2707 kg/min)(75.54 kJ/kg) 


Qour = 1055 kJ/min = 17.59 kw 


Noting that the rate of heat lost from the air is received by the cooling water, the mass flow rate of the cooling water is 
determined from 


Qin = Mey C pATey — Tey = On 4 = A eh 
CAT. (4.18 kJ/kg.°C)(10°C) 


po cw 
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where we used the specific heat of water value at room temperature. Assuming a density of 1000 kg/m’ for water, the 
volume flow rate is determined to be 


_ Mw _ 25.24kg/min 


1000 emi 7 00282 m/min 
Pew g/m 


% 


cw 


AirH20 
0.050 T T T T T T T T T 


| Pressure = 100.0 [kPa] 
0.045 - 


Humidity Ratio 
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14-92 An automobile air conditioner using refrigerant 134a as the cooling fluid is considered. The inlet and exit states of 
moist air in the evaporator are specified. The volume flow rate of the air entering the evaporator of the air conditioner is to 
be determined. 


Assumptions 1 All processes are steady flow and the mass flow rate of dry air remains constant during the entire process 
(My = Ma = m). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis We assume that the total pressure of moist air is 100 kPa. Then, the inlet and exit states of the moist air for the 
evaporator are completely specified. The properties may be determined from the psychrometric chart (Fig. A-31) or using 
EES psychrometric functions to be (we used EES) 


h, = 55.88 kJ/kg dry air R-134a 
= ; 100 kPa 

@, = 0.01206 kg H,O/kg dry air 

v, = 0.8724 m°/kg dry air 

hy = 23.31 kJ/kg dry air 


Cooling coils 


@, = 0.006064 kg H, O/kg dry air T = 8°C T, =25°C 
on $2 =90% 6240. AIR ¢, = 60% 

The mass flow rate of dry air is given by l dydy ~— Condensate 

a oO = o 

v 0.8724m°/ke 
The mass flow rate of condensate water is expressed as 8° Condensate 
: removal 

mh, =m, (0 -0,)= n (0.01206 - 0.006064) = 0.006873%, 
The enthalpy of condensate water is 

hyo = h f@sc =33.63kJ/kg (Table A - 4) 
An energy balance on the control volume gives 

mahı =Qou + Mahy + m,,h,,» 
4 (55.88) = Qout + 4 (23.11) + 0.006873%, (33.63) a 
0.8724 0.8724 


The properties of the R-134a at the inlet of the compressor and the enthalpy at the exit for the isentropic process are (R- 
134a tables) 
Pp, = 200 kPa | hp, = 244.46 kJ/kg 
Xp =l Sp, = 0.9377 kJ/kg.K 


Pp, =1600 kPa 
hpr2 s = 287.87 kJ/kg 


SR2 SSRI 
The enthalpies of R-134a at the condenser exit and the throttle exit are 
hgs = h f@1600 kPa = 135.93 kJ/kg 


hg = hgs =135.93 kJ/kg 


The mass flow rate of the refrigerant can be determined from the expression for the compressor power: 


hao —h 
We = Mpg R2,s R1 
1c 
sien, OB aa KOK sin = 0.1175 kp/s = 7.049 kg/min 


The rate of heat absorbed by the R-134a in the evaporator is 
Qrin = Mpg (hp, — hp) = (7.049 kg/min)(244.46 — 135.93) kJ/kg = 765.0 kJ/min 


The rate of heat lost from the air in the evaporator is absorbed by the refrigerant-134a. That is, Qrin = Qout . Then, the 


volume flow rate of the air at the inlet of the evaporator can be determined from Eq. (1) to be 


V, V, , 
1__ (55.88) = 765.0 + —+— (23.11) + 0.006873Y, (33.63) —> V, = 20.62 m?/min 
0.8724 0.8724 
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14-93 Air is cooled and dehumidified at constant pressure. The cooling required is provided by a simple ideal vapor- 
compression refrigeration system using refrigerant-134a as the working fluid. The exergy destruction in the total system per 


1000 m° of dry air is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mg, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 106.8 kJ/kg dry air 
@, = 0.0292 kg H,O/kg dry air 
v; = 0.905 m?/kg dry air 
and 
hy = 52.7 kJ/kg dry air 
@ = 0.0112 kg H,O/kg dry air 
We assume that the condensate leaves this system at the 


average temperature of the air inlet and exit. Then, from 
Table A-4, 


hy = hf @2g°c =117.4 kJ/kg 
Analysis The amount of moisture in the air decreases 
due to dehumidification (@2 < @,). The mass of air is 
A 1000 m° 


m = ec 
vı 0.905m? /kg dry air 


a 


=1105kg 


Condenser 


| Condensate 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


ÈX myi = LM, 6 >Mq101 = Mg2@_ +My 

m, =M,(@, —@,) = (1105 kg)(0.0292 — 0.0112) =19.89 kg 
Energy Balance: 

Eh po Abo SO 


Ein = Big 
2 m;h; 205i +È mehe 
Qout = Mah — (Mah) + Myhy) = mg (hy —hy)—m,,hy, 


Qout =Ma (h cs h,)—m,,h,, 


Qou = (1105 kg)(106.8 — 52.7) kJ/kg — (19.89 kg)(117.4 kJ/kg) = 57,450 kJ 


We obtain the properties for the vapor-compression refrigeration cycle as follows (Tables A-11,through A-13): 


T, =4°C } hy = h; @ xc = 252.77 kJ/kg 


sat. vapor | Sı = S4 @ 4c = 0.92927 kJ/kg: K 


P, = Pat@sg4ec =1MPa 
Sy =S; 


P =1MPa | h =hy @impa = 107.32 kJ/kg 
S3 =S f @ımpa = 0.39189 kJ/kg : K 


| h, = 275.29 kJ/kg 


sat. liquid 
hy = h; =107.32 kJ/kg (throttling) 


T, =4°C x, = 0.2561 
h, =107.32 kJ/kg Í s4 = 0.4045 kJ/kg -K 
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The mass flow rate of refrigerant-134a is 


Q 57,450 kJ E 
hy—hy (252.77 —107.32)kJ/kg 


Mpg = 95.0 kg 


The amount of heat rejected from the condenser is 
Qy =Mp(hy -hz ) = (395.0 kg)(275.29 — 107.32) kJ/kg = 66,350 kg 

Next, we calculate the exergy destruction in the components of the refrigeration cycle: 
X destroyed,12 = MT (S2 —S1)=0 (since the process is isentropic) 


Qu 
X destroyed, 23 z To (m (S3 = S2) E= 
Ty 


= 1609 kJ 


= (305 oes kg)(0.39189 — 0.92927) kJ/kg -K + 28800 KI 


X destroyed,34 = MRT (S4 — $3) = (395 kg)(305 K)(0.4045 — 0.39189) kJ/kg : K = 1519 kJ 
The entropies of water vapor in the air stream are 

Sot =Sg@3xc = 8.4114 kJ/kg -K 

Sg2 = Sg @ c = 8.5782 kJ/kg -K 
The entropy change of water vapor in the air stream is 

AS vapor = Ma (@2Sg2 — @1S g1) = (1105)(0.0112 x 8.5782 — 0.0292 x 8.4114) = -165.2 kJ/K 
The entropy of water leaving the cooling section is 

Sy =MyS f @28c = (19.89 kg)(0.409 1 kJ/kg - K) = 8.14 kJ/K 
The partial pressures of water vapor and dry air for air streams are 

Pa =O, Po1 =P Peat @32°c = (0.95)(4.760 kPa) = 4.522 kPa 

P =P, — P, =101.325 — 4.522 = 96.80 kPa 
P,2 = 2P32 = $2 Peat @ 24°C = (0.60)(2.986 kPa) = 1.792 kPa 
Pay = Py — P, =101.325 -1.792 = 99.53 kPa 


The entropy change of dry air is 


T. P 
AS, = mls =s) = m| cp Ine a) 
1 al 


297 99.53 
= (1105)} (1.005) In — — (0.287) In —— | = —38.34 kJ/kg dry air 
( y )In £<- (0.287) oo g dry 


The entropy change of R-134a in the evaporator is 
ASR, 41 = Mg (S4 — $4) = (895 kg)(0.92927 — 0.4045) = 207.3 kJ/K 


An entropy balance on the evaporator gives 
S = AS pa, + AS + AS, +S, = 207.3+ (—165.2) + (—38.34) +8.14 = 11.90 kJ/K 


gen,evaporator vapor 
Then, the exergy destruction in the evaporator is 


X dest =TyS = (305 K)(11.90kJ/K) = 3630 kJ 


gen, evaporator 
Finally the total exergy destruction is 
X dest, total = X dest, compressor +X dest, condenser + X dest, throttle + X dest, evaporator 
=0+1609+1519+ 3630 
= 6758 kJ 


The greatest exergy destruction occurs in the evaporator. Note that heat is absorbed from humid air and rejected to the 
ambient air at 32°C (305 K), which is also taken as the dead state temperature. 
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Evaporative Cooling 


14-94C Evaporative cooling is the cooling achieved when water evaporates in dry air. It will not work on humid climates. 


14-95C During evaporation from a water body to air, the latent heat of vaporization will be equal to convection heat 
transfer from the air when conduction from the lower parts of the water body to the surface is negligible, and temperature of 
the surrounding surfaces is at about the temperature of the water surface so that the radiation heat transfer is negligible. 


14-96C In steady operation, the mass transfer process does not have to involve heat transfer. However, a mass transfer 
process that involves phase change (evaporation, sublimation, condensation, melting etc.) must involve heat transfer. For 
example, the evaporation of water from a lake into air (mass transfer) requires the transfer of latent heat of water at a 
specified temperature to the liquid water at the surface (heat transfer). 


14-97 Desert dwellers often wrap their heads with a water-soaked porous cloth. The temperature of this cloth on a desert 
with specified temperature and relative humidity is to be determined. 


Analysis Since the cloth behaves as the wick on a wet bulb | Water 
thermometer, the temperature of the cloth will become the wet- set! 
bulb temperature. According to the pshchrometric chart, this Humidifier 


temperature is 


T, = Tym = 23.3°C 


This process can be represented by an evaporative cooling 
process as shown in the figure. 
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14-98 Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to be 


determined. 


Analysis (a) From the psychrometric chart (Fig. A-31) at 36°C and 20% relative humidity we read 


Typ, =19.5°C 
@, = 0.0074 kg H,O/kg dry air 
v, = 0.887 m°/kg dry air 
Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 


evaporative cooling process follows a line of constant wet-bulb 
temperature. That is, 


T, 


WI 


b2 = Typ =19.5°C 

At this wet-bulb temperature and 90% relative humidity we read 
T, = 20.5°C 
@, = 0.0137 kg H,O/kg dry air 

Thus air will be cooled to 20.5°C in this evaporative cooler. 


(b) The mass flow rate of dry air is 


V, 4m? /mi 
= 2g St kg/min 


m 3 
vı 0.887 m’ /kg dry air 


a 


Then the required rate of water supply to the evaporative cooler is determined from 


m = Myo -My = Mg (@) - 01) 
= (4.51 kg/min)(0.0137 - 0.0074) 


= 0.028 kg/min 


supply 


| Water, m, 


Humidifier 
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14-99E Air is cooled by an evaporative cooler. The exit temperature of the air and the required rate of water supply are to 


be determined. 


Analysis (a) From the psychrometric chart (Fig. A-31E or EES) at 100°F and 30% relative humidity we read 


T„b1 = 74.3°F 
@, = 0.0123 lbm H,O/lbm dry air 
v, =14.4 ft?/Ibm dry air 


Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 
evaporative cooling process follows a line of constant wet-bulb 
temperature. That is, 


Twb? S Twb1 = 74.3°F 

At this wet-bulb temperature and 90% relative humidity we read 
T, = 76.6°F 
@, = 0.0178 lbm H,O/lbm dry air 

Thus air will be cooled to 76.6°F in this evaporative cooler. 


(b) The mass flow rate of dry air is 


g 200 ft? /mi 
m,=—= 3 mI =13.9 Ibm/min 
vı 14.4 ft° /Ibm dry air 


Then the required rate of water supply to the evaporative cooler is determined from 


| Water, m, 


Humidifier 


Titgupply = Mp — Mm =Ma (0 — @,) = (13.9 Ibm/min)(0.0178 - 0.0123) = 0.076 Ibm/min 
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14-100 Air is cooled by an evaporative cooler. The final relative humidity and the amount of water added are to be 


determined. 


Analysis (a) From the psychrometric chart (Fig. A-31) at 32°C and 30% relative humidity we read 


Tyb1 = 19.4°C 
@, = 0.0089 kg H,O/kg dry air 
v = 0.877 m°/kg dry air 
Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, 


the evaporative cooling process follows a line of constant 
wet-bulb temperature. That is, 


Two2 = Typ =19.4°C 

At this wet-bulb temperature and 22°C temperature we read 
oy =79% 
@, = 0.0130 kg H,O/kg dry air 

(b) The mass flow rate of dry air is 


v 5m?/min 


Se kein 
v 0.877m°/kg dry air 


a 


Then the required rate of water supply to the evaporative cooler is determined from 


iy — M = Th, (@> —@,) = (5.70 kg/min)(0.0130 - 0.0089) = 0.0234 kg/min 


M supply = 


| Water 


Humidifier 


14-59 


14-101 Air enters an evaporative cooler at a specified state and relative humidity. The lowest temperature that air can attain 


is to be determined. 


Analysis From the psychrometric chart (Fig. A-31) at 29°C 
and 40% relative humidity we read 


Typ) =19.3°C 


Assuming the liquid water is supplied at a temperature not 
much different than the exit temperature of the air stream, the 


evaporative cooling process follows a line of constant wet-bulb 


temperature, which is the lowest temperature that can be 
obtained in an evaporative cooler. That is, 


Tin =T wp, =19.3°C 


Water 


Humidifier 
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14-60 


14-102 Air is first heated in a heating section and then passed through an evaporative cooler. The exit relative humidity and 
the amount of water added are to be determined. 


Analysis (a) From the psychrometric chart (Fig. A-31 or EES) at 20°C and 50% relative humidity we read 
@, = 0.00726 kg H ,O/kg dry air 


Water 
The specific humidity œ remains constant during the | 
heating process. Therefore, @ = œ, = 0.00726 kg H20 / kg 
dry air. At this œ value and 35°C we read Typ2 = 19.1°C. 


Heating 
Humidifier 


Assuming the liquid water is supplied at a temperature 


not much different than the exit temperature of the air one —_ 25°C 
stream, the evaporative cooling process follows a line of | 

constant wet-bulb temperature. That is, Twb3 = Two2 = eT a a 
19.1°C. At this Tw value and 25°C we read © ©) G) 


Ø = 57.5% 
o; = 0.0114 kg H,O/kg dry air 


(b) The amount of water added to the air per unit mass of air is 


A@ 3 = @3 — © = 0.0114 — 0.00726 = 0.00413 kg H,O/kg dry air 
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14-61 
Adiabatic Mixing of Airstreams 


14-103C This will occur when the straight line connecting the states of the two streams on the psychrometric chart crosses 
the saturation line. 


14-104C Yes. 
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14-62 


14-105 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 


Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31) to be 
h, = 62.7 kJ/kg dry air 
@, = 0.0119 kg H,O/kg dry air 
v; = 0.882 m*/kg dry air 

and 
h, =31.9 kJ/kg dry air 
@ = 0.0079 kg H,O/kg dry air 
v, = 0.819 m*/kg dry air 


Analysis The mass flow rate of dry air in each stream 
is 


YY, 3/ mi 
my =—= a = 22.7 kg/min 
vı 0.882 m”/kg dry air 
 _Y¢; 25m? /mi 
mo = = ——— E/M = 30.5 ke/min 


V> 0.819m?/kg dry air 
From the conservation of mass, 
Ma3 = Mg, + Ma? = (22.7 + 30.5) kg / min = 53.2 kg / min 


The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 


Ma _ 2-03 _ h -h 
a @3-@, h-hh 
22.7 _0.0079-@, _ 319- h; 


30.5 @3-0.0119 h, -62.7 
which yields, 

@; = 0.0096 kg H,O / kg dry air 

h, = 45.0 kJ / kg dry air 


These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 


T, = 20.6°C 
Ø> = 63.4% 
v3 = 0.845 m°/kg dry air 
Finally, the volume flow rate of the mixture is determined from 


V, = m,3V3 = (53.2 kg/min)(0.845 m? / kg) = 45.0 m? /min 
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14-63 


14-106 Two airstreams are mixed steadily. The specific humidity, the relative humidity, the dry-bulb temperature, and the 
volume flow rate of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 


Analysis The properties of each inlet stream are determined to be 
Py =% P31 = Peat @32°c = (0.40)(4.760 kPa) = 1.90 kPa 
P = P, —P,, =90-1.90 = 88.10 kPa 


y, Ral _ (0.287 kPa - m? /kg-K)(305 K) Q 32°C 
1O Pa 88.10 kPa 40%: 
$ 0 m°/mi: 
= 0.994 m” / kg dry air a 
P = 90 kPa h @ 
vo, = &622 Pn, _ 0.622(1.90 kPa) AIR mE { 
1 P-P,  (90-1.90) kPa f P ° 
= 0.0134 kg H, O/kg dry air pies /min 
hy =c T, + @,hgy Q) 90% 
= (1.005 kJ/kg -°C)(32°C) + (0.0134)(2559.2 kJ/kg) 


= 66.45 kJ/kg dry air 
and 
Py = bP yo = $Pea@izec = (0-90)(1.403 kPa) = 1.26 kPa 
P, = P, —P,, =90-1.26 = 88.74 kPa 
_ R,T, _ (0.287 kPa -m° /kg-K)(285 K) 
Ps 88.74 kPa 
_ 0.622 P, _ 0.622(1.26 kPa) 
P,-P,, (90-1.26) kPa 
hy = c T, + @h, = (1.005 kJ/kg -°C)(12°C) + (0.00883)(2522.9 kJ/kg) = 34.34 kJ/kg dry air 


= 0.922 m? / kg dry air 


Vo 


QO = 0.00883 kg H, O/kg dry air 


Then the mass flow rate of dry air in each stream is 


> Ü 20m? / mi 

ma == a = 20.12 ke/min 
vı 0.994m” /kg dry air 

so AY, 25m? / mi 

tag == mim = 27.11 kg/min 


V> 0.922 m*/kg dry air 
From the conservation of mass, 
Ma3 = Ma + Ma? = (20.12 + 27.11) kg/min = 47.23 kg/min 


The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 
My, _@ -0 _ h, -h 5 20.12 _ 0.00883- @, _ 34.34- h; 


mM: @,-0, h-h 27.11 œ@,-0.0134 h, -66.45 


which yields 
œ = 0.0108 kg H,O/kg dry air 
h, = 48.02 kJ/kg dry air 
These two properties fix the state of the mixture. Other properties are determined from 
h; =c „T; + @3hg3 = Cp T3 + @3(2501.3 + 1.8273) 
48.02 kJ/kg = (1.005 kJ/kg - °C)T} + (0.0108)(2500.9 + 1.82T;) kJ/kg —> T; = 20.5°C 
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_ 0.622 P, 
= 
P; -Py 
0.622 P» 
0.0108 = > Pyg =1.54kPa 
-P3 
P P 1.54kP 
pea Rs 2 0.639 or 63.9% 
P Paor 2-41 kPa 


Finally, 


P,3 = P, — Py = 90-1.54 = 88.46 kPa 


_ R,T; _ (0.287 kPa - m? /kg - K)(293.5 K) 
Pe 88.46 kPa 


Ü, = 1433 = (47.23 kg/min)(0.952 m? / kg) = 45.0 m?/min 


= 0.952 m°/kg dry air 


3 


14-64 
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14-65 


14-107 A stream of warm air is mixed with a stream of saturated cool air. The temperature, the specific humidity, and the 


relative humidity of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 


energy changes are negligible. 4 The mixing section is adiabatic. 


Properties The properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or EES) to be 


h, =99.4 kJ/kg dry air 
@, = 0.0246 kg H,O/kg dry air 


and 


hy = 34.1kJ/kg dry air 
æ = 0.00873 kg H,O/kg dry air 


Analysis The specific humidity and the enthalpy of the mixture can be 
determined from Eqs. 14-24, which are obtained by combining the 
conservation of mass and energy equations for the adiabatic mixing of 
two streams: 

Ma _@ -0 _ hy -h; 


Ma @-@ h,-h 
8 _ 0.00873- @, _ 34.1- hz 


10 œ -0.0246 h, -99.4 
which yields, 
(b) æ, = 0.0158 kg H,O/kg dry air 


h, = 63.1 kJ/kg dry air 


Twi = 30°C 


3 
P= 1 atm h 


P AIR T; 


These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 


chart: 
(a) T3 = 22.8°C 


(c) $, = 90.1% 
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14-66 


EES 
14-108 Problem 14-107 is reconsidered. The effect of the mass flow rate of saturated cool air stream on the mixture 
temperature, specific humidity, and relative humidity is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


P=101.325 [kPa] 
Tdb[1] =36 [C] 
Twb[1] =30 [C] 
m_dot[1] = 8 [kg/s] 
Tdb[2] =12 [C] 
Rh[2] = 1.0 
m_dot[2] = 10 [kg/s] 


P[3]=P[1] 


"Energy balance for the steady-flow mixing process:" 
"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also 
neglect theKE of the flow." 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 [kW] 

E_dot_in = m_dot[1]*h[1]+m_dot[2]*h[2] 

E dot_out = m_dot[3]*h[3] 

"Conservation of mass of dry air during mixing:" 
m_dot[1]+m_dot[2] = m_dot[3] 

"Conservation of mass of water vapor during mixing:" 
m_dot[1]*w[1]+m_dot[2]*w[2] = m_dot[3]*w[3] 
m_dot[1]=V_dot[1]/v[1]*convert(1/min, 1/s) 
m_dot[2]=V_dot[2]/v[2]*convert(1/min, 1/s) 
h[1J=ENTHALPY (AirH20, T=Tdb[1],P=P[1],B=Twb[1]) 
Rh[1J=RELHUM(AirH20, T=Tdb[1],P=P[1],B=Twb[1]) 
v[1J=VOLUME(AirH20, T=Tdb[1],P=P[1], R=Rh[1]) 
w[1J=HUMRAT(AirH20,T=Tdb[1],P=P[1],R=Rh[1]) 
h[2]=ENTHALPY (AirH20, T=Tdb[2],P=P[2],R=Rh[2]) 
v[2]=VOLUME (AirH20, T=Tdb[2],P=P[2],R=Rh[2]) 
w[2]=HUMRAT(AirH20, T=Tdb[2],P=P[2],R=Rh[2]) 
Tdb[3]=TEMPERATURE(AirH20,h=h[3],P=P[3],w=w[3]) 
Rh[3J=RELHUM(AirH20, T=Tdb[3],P=P[3],w=w[3]) 
v[3]=VOLUME (AirH20, T=Tdb[3],P=P[3],w=w{[3]) 
Twb[2]=WETBULB(AirH20, T=Tdb[2],P=P[2],R=RH[2]) 
Twb[3]=WETBULB(AirH20, T=Tdb[3],P=P[3], R=RH[3]) 
m_dot[3]=V_dot[3]/v[3]*convert(1/min, 1/s) 


m2 Tdbs Rh3 W3 
[kga/s] [C] [kgw/kga] 
0 36 0.6484 0.02461 
2 31.31 0.7376 0.02143 
4 28.15 0.7997 0.01931 
6 25.88 0.8442 0.0178 
8 24.17 0.8768 0.01667 
10 22.84 0.9013 0.01579 
12 21.77 0.92 0.01508 
14 20.89 0.9346 0.0145 
16 20.15 0.9461 0.01402 
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14-67 


Tdb[3] [C] 


0 2 4 6 8 10 12 14 16 


0.95 


Rh[3] 


0 2 4 6 8 10 12 4 16 
m[2] [kga/s] 


0.024 
0.022 
0.02 


0.018 


w[3] [kgwikga] 


m[2] [kgals] 
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14-68 


14-109E Two airstreams are mixed steadily. The mass flow ratio of the two streams for a specified mixture relative 
humidity and the relative humidity of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 


Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31E or from EES) to be 


h, = 20.3 Btu/Ibm dry air 
@, = 0.0076 lbm H,O/Ibm dry air 


@ 50°F 


and 
, 100% 
h, = 48.7 Btu/lbm dry air 
= 0.0246 lbm H,O/lbm dry ai o 

Oy m H,O/Ibm dry air Nasca Ho 
Analysis An application of Eq. 14-24, which are obtained by we AIR = 
combining the conservation of mass and energy equations for the i 
adiabatic mixing of two streams gives 90°F 

80% 


Ma _@ -0 _ h, -hz © 
Ma @-@ h -h 
tha _ 0.0246- @, _ 48.7 — h; 


ma? @— 0.0076 hy — 20.3 


This equation cannot be solved directly. An iterative solution is needed. A mixture relative humidity ø is selected. At this 
relative humidity and the given temperature (70°F), specific humidity and enthalpy are read from the psychrometric chart. 
These values are substituted into the above equation. If the equation is not satisfied, a new value of ø is selected. This 
procedure is repeated until the equation is satisfied. Alternatively, EES software can be used. We used the following EES 
program to get these results: 


¢3 =100% 
@, = 0.0158 Ibm H,O/Ibm dry air 
h; = 34.0 Btu/lbm dry air 


“ai 
Ma2 


"Given" 
P=14.696 [psia] 
T_1=50 [F] 
phi_1=1.0 
T_2=90 [F] 
phi_2=0.80 
T_3=70 [F] 


"Analysis" 

Fluid$='AirH20' 

"1st stream properties" 
h_1=enthalpy(Fluid$, T=T_1, P=P, R=phi_1) 
w_1=humrat(Fluid$, T=T_1, P=P, R=phi_1) 
"2nd stream properties" 
h_2=enthalpy(Fluid$, T=T_2, P=P, R=phi_2) 
w_2=humrat(Fluid$, T=T_2, P=P, R=phi_2) 
(w_2-w_3)(w_3-w_1)=(h_2-h_3)(h_3-h_1) 
Ratio=(w_2-w_3)/(w_3-w_1) 

“mixture properties" 

phi_3=relhum(Fluid$, h=h_3, P=P, T=T_3) 
h_3=enthalpy(Fluid$, R=phi_3, P=P, T=T_3) 
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14-110 Two airstreams are mixed steadily. The temperature and the relative humidity of the mixture are to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 


Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 
h, = 88.5 kJ/kg dry air 
@, = 0.0187 kg H,O/kg dry air 
v, = 0.914 m*/kg dry air 


40% 
and L/s 
, a s 
h, = 36.7 kJ/kg dry air P=1atm bs ©) 
@> = 0.0085 kg H ,O/kg dry air i AIR Ts 
v, = 0.828 mĉ/kg dry air 1 L/s 
Analysis The mass flow rate of dry air in each stream is © A 
> g 0.003 m° / 
ma == mS = 0.003282 kg/s 
vı 0.914m° /kg dry air 
! V. 0.001 m? / 
ha == mS = 0,001208 kg/s 


V> 0.828 m° /kg dry air 
From the conservation of mass, 


M3 = Ma1 + 11g) = (0.003282 + 0.001208) kg/s = 0.00449 kg/s 


The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 


Mg _ -0 _ hy -h 
Mg. @-@ hg—h, 
0.003282 0.0085—-@, _ 36.7- h, 


0.001208 @,-0.0187 h, -88.5 


which yields 
@3 = 0.0160 kg H,O/kg dry air 
h, = 74.6 kJ/kg dry air 


These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 


T} =33.4°C 
$3 = 0.493 = 49.3% 
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14-70 
14-111 Two airstreams are mixed steadily. The rate of exergy destruction is to be determined. 


Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The mixing section is adiabatic. 


Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be 
h, = 88.5 kJ/kg dry air 
@, = 0.0187 kg H,O/kg dry air 
v, = 0.914 m*/kg dry air 


40% 
and L/s 
. @3 
hy = 36.7 kJ/kg dry air P=1atm bs © 
@> = 0.0085 kg H ,O/kg dry air Pa AIR T; 
v, = 0.828 mĉ/kg dry air 1L/s 
The entropies of water vapor in the air streams are © 9 


Sg1 = Sg @ 40c = 8.2556 kJ/kg : K 
Sg2 = Sg @15°c = 8.7803 kJ/kg -K 


Analysis The mass flow rate of dry air in each stream is 


> ọ 0.003 m? / 

te == ont — = 0.003282 kg/s 
vı 0.914m°” /kg dry air 

> g 0.001m? / 

ma = =~ — = 0.001208 kg/s 


V>  0.828m° /kg dry air 
From the conservation of mass, 


Ma3 = Mg, + Maz = (0.003282 + 0.001208) kg/s = 0.00449 kg/s 


The specific humidity and the enthalpy of the mixture can be determined from Eqs. 14-24, which are obtained by 
combining the conservation of mass and energy equations for the adiabatic mixing of two streams: 


a _ @,—-@3 _ h -h 

ma @-@ hg—h, 
0.003282 0.0085- @; _ 36.7- h; 
0.001208 œ -0.0187 h, -88.5 


which yields 
@, = 0.0160 kg H,O/kg dry air 
h, = 74.6 kJ/kg dry air 


These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric 
chart: 


T} = 33.4°C 
Ø, = 0.493 
The entropy of water vapor in the mixture is 


593 = Sg @334°c = 8.3833 kJ/kg -K 


An entropy balance on the mixing chamber for the water gives 
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14-71 

AS „ = Titg3@353 — Mg 0181 —Mgy@yS_ 

= 0.00449 x 0.0160 x 8.3833 — 0.003282 x 0.0187 x 8.2556 — 0.001208 x 0.0085 x 8.7803 

=5.426x10-° kW/K 

The partial pressures of water vapor and dry air for all three air streams are 

Py = P31 = $1 Peat @ 40°C = (0-40)(7.3851 kPa) = 2.954 kPa 
Pı = P, - P, =101.325 — 2.954 = 98.37 kPa 
P,2 = 2P32 = $2 Psat @isec = (0.80)(1.7057 kPa) = 1.365 kPa 
P2 = Py — Py =101.325—-1.365 = 99.96 kPa 
P;3 = P33 = $3Pea @33.4¢c = (0.493)(5.150 kPa) = 2.539 kPa 


Pig = Ps — P, =101.325—2.539 = 98.79 kPa 


An entropy balance on the mixing chamber for the dry air gives 


AS, = ha (S3 — 51) + Mg (S3 ~ S2) 


T. P T. P 
-acp mi-rim 2] tha 6 nein | 
T, Pa T, Paz 
= 0.003282] (1.005) In 220-4 — (0.287) In 22-2 | + 0.001208 (1.005) In 2284 - (0.287) in 22-2 
313 98.37 288 99.96 


= (0.003282)(—0.02264) + (0.001208)(0.06562) 
= 4.964x10 7 kW/K 
The rate of entropy generation is 
Sgen = AS, + AS,, = 4.964x10™® +5.426x10™® =10.39x107 kW/K 
Finally, the rate of exergy destruction is 


X dest = ToS gen = (298 K)(10.39 x 10-* kW/K) = 0.0031 kW 
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14-72 
Wet Cooling Towers 


14-112C The working principle of a natural draft cooling tower is based on buoyancy. The air in the tower has a high 
moisture content, and thus is lighter than the outside air. This light moist air rises under the influence of buoyancy, 
inducing flow through the tower. 


14-113C A spray pond cools the warm water by spraying it into the open atmosphere. They require 25 to 50 times the area 
of a wet cooling tower for the same cooling load. 
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14-73 


14-114 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required 
makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 


Analysis (a) The mass flow rate of dry air through the tower remains constant (m,, = Ma2 = m,), but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass 
and energy balances yields 


Dry Air Mass Balance: 
È mai = È Mae > Mar J Ma? = Ma 
Water Mass Balance: 
. : . . ; . AIR 32°C 
Empi =È Mye > M + Mg @, =M, + Mg EXIT 95% 


m, -m4 =M,(@) —@,) = M makeup 


KILTI 
ee “ie oe 


. . : AO (stead WATER 

Ein — Eou = AE system Sew) = o e g 
a 40°C KAKRARKA 
Ein = Eout 40 kg/s 


> mh; =Z rh, (since Q= W =0) 
0= È mh, — È} mh; 
0 = Mgyhy + Maha — Marh — rgh 


AIR 

0=m (hy —h,) + (m= Makeup) =h INLET 

1 atm 
Solving for m, , Tay = 22°C 
l a Twp = 16°C 

m (h, — hy) 
a= COOL 
(h, -h )-(@, - @,)hy WATER 


From the psychrometric chart (Fig. A-31 or EES), 
h, = 44.7 kJ/kg dry air 
@, = 0.008875 kg H,O/kg dry air 
v, =0.848 m?/kg dry air 
and 
h, =106.6 kJ/kg dry air 
@, = 0.02905 kg H, O/kg dry air 
From Table A-4, 
hs = hy @ao°c = 167.53 kJ/kg H,O 
hy = hy @s0c =125.74 kJ/kg HO 
Substituting, 


ia (40 kg/s)(167.53 —125.74)kJ/kg 
“(106.6 — 44.7) kJ/kg — (0.02905 — 0.008875)(125.74) kJ/kg 


= 28.17 kg/s 


Then the volume flow rate of air into the cooling tower becomes 
V, = mv; = (28.17 kg/s)(0.848 m? / kg) = 23.9 m?/s 
(b) The mass flow rate of the required makeup water is determined from 
Mmakeup = Ma (@2 — @) = (28.17 kg/s)(0.02905 — 0.008875) = 0.568 kg/s 
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14-115 Water is cooled by air in a cooling tower. The relative humidity of the air at the exit and the water’s exit 


temperature are to be determined. 


Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 


tower is adiabatic. 


Analysis The mass flow rate of dry air through the tower remains constant (m,,; = Ma2 =m,), but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 


energy balances yields 


Dry Air Mass Balance: 
2 Mai =z Mae 


Water Mass Balance: 


=m 


> Ma = Ma2 a 


UMy; =È mpe > Mz + My @ =m; +My 


m, — m4 = Mm, (@ -@,)=m 


makeup 
Energy Balance: 
2 à ~ 70 dy) 
Ein B E out = AE system pem 0 
Ein z E out 
Emh, =2rm,h, (sinceQ=W = 0) 


0=D1i,h, -X m;h; 


0 = azh + m4h; -mahi — mhz 


0= Ma (hy ~ hy) a (ms = M makeup 1g ~ msh; 


Solving for h4, 


mshz -Ma (hy -h,) 


h, = ; ; 
M3 — M makeup 
From the psychrometric chart (Fig. A-31), 
h, = 20.4 kJ/kg dry air 
@, = 0.00211 kg H,O/kg dry air 
v, = 0.819 m?/kg dry air 
and 
h, = 55.7 kJ/kg dry air 
» =1=100% 
From Table A-4, 
h; = hf @szxc =134.1kJ/kg H,O 


20°C 
i t a 014 


aa 


KRKAKR 


WARM 
WATER 


—_ 
32°C 
4 kg/s 


O AIR 


INLET 


1 atm 
15°C 

aN o, 
COOL 20% 


4.2 kg/s 


Makeup water 


=98.31 kJ/kg H,O 


Also, — Tmakeup = Ma (@2 — @,) = (4.2 kg/s)(0.014— 0.00211) = 0.050 kg/s 
Substituting, 
p, — "shs —Hitg (ha -M) _ (4034.1) ~ (0.12)(65.7 - 20.4) 
j Ths — makeup 4—0.050 


The exit temperature of the water is then (Table A-4) 


T, = Tsat@h f =98.31KJ/kg 7 23.4°C 
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14-75 


14-116 Water is cooled by air in a cooling tower. The volume flow rate of air and the mass flow rate of the required 
makeup water are to be determined. 

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 

Analysis (a) The mass flow rate of dry air through the tower remains constant (m,, =m, = m, ) , but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 

Dry Air Mass Balance: 


Q) 35°C 
ÈX mai =È Mae > Ma =Ma? =Ma 100% 
Water Mass Balance: t ii t t i t 
See pean A 
3 l ae “ a202 l WATER ©) ) 
m3 = M4 = m, (0 ) = M makeup aa £ | A A A A wie | 
Energy Balance: 25 kg/s Beer ee ee ee eae 
i è 70 (steady) - > f l 
En ~ Eou = AE;ystem “= 0—> En = Fou i | 
Erh =Xm,h, (sinceQ=W =0) System 
boundary 


0=Drm,h, — Z rh;h; 


0 = Mgghy + mghy — Mah, — mgh 


Q) AIR 


0= Ma (hy 5 h,) 2 (m; T Mmakeup M4 = mhz 96 kPa 
p m (h; — hy) — a 
T o 
l (h, — hy) -(@2 —@,)hy 
The properties of air at the inlet and the exit are jj 
Py = Poy = MPeat @20°c = (0.70)(2.3392 kPa) = 1.637 kPa Makeup 


P = P, - P, = 96 -1.637 = 94.363 kPa 
y = Ral _ (0.287 kPa - m? /kg - K)(293K) 
1O Pa 94.363 kPa 
_ 0.622 Py _ 0.622(1.637 kPa) _ 4 0108 kokira 
P-P,  (96-1.637) kPa 
h, = cT, + @fg1 = (1.005 kJ/kg - °C)(20°C) + (0.0108)(2537.4 kJ/kg) = 47.5 kJ/kg dry air 
and Py = p P,2 = Peat @ 35°C = (1.00)(5.6291 kPa) = 5.6291 kPa 
_ 0.622 P, _ 0.622(5.6291kPa) _ 0 0387 kd H On ayaii 
P,-P,, (96—5.6291) kPa 
hy =c pT + @yhg> = (1.005 kJ/kg -°C)(35°C) + (0.0387)(2564.6 kJ/kg) =134.4 kJ/kg dry air 


From Table A-4, 
h, = hf @a0°c =167.53 kJ/kg H,O 


hy =h f @s0c =125.74kJ/kg H,O 
Substituting, 


= 0.891 m? /kg dry air 


w 


a (25 kg/s)(167.53 — 125.74)kJ/kg 
“(134.4 — 47.5) kJ/kg — (0.0387 — 0.0108)(125.74) kJ/kg 
Then the volume flow rate of air into the cooling tower becomes 
Ü, = av = (12.53kg/s)(0.891m? / kg) = 11.2m?/s 
(b) The mass flow rate of the required makeup water is determined from 
M makeup = Ma (@2 — @,) = (12.53 kg/s)(0.0387 — 0.0108) = 0.35 kg/s 


=12.53 kg/s 
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14-117 A natural-draft cooling tower is used to remove waste heat from the cooling water flowing through the condenser of 
a steam power plant. The mass flow rate of the cooling water, the volume flow rate of air into the cooling tower, and the 
mass flow rate of the required makeup water are to be determined. 


Assumptions 1 All processes are steady-flow and the mass flow rate of dry air remains constant during the entire process 
(Ma = Ma2 = m). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 


Analysis The inlet and exit states of the moist air for the tower are completely specified. The properties may be determined 
from the psychrometric chart (Fig. A-31) or using EES psychrometric functions to be (we used EES) 


h, = 50.74 kJ/kg dry air 
= 0.01085 kg H,O/kg dry air 


= 0.8536 m*/kg dry air T= 37°C T, = 23°C 
= 0, = o 
hy = 142.83 kJ/kg dry air G2 =100% AIR Tw» = 18°C 


@ = 0.04112 kg H,O/kg dry air QO Ww «a 
The enthalpies of cooling water at the inlet and exit 
of the condenser are (Table A-4) + Makeup 


hys = h jo 4c = 167.53 kJ/kg 
hy = h f@ 26c = 109.01 kJ/kg 


The steam properties for the condenser are (Steam tables) 


P = 200 kPa 
hy = 504.71 kJ/kg 
Xq =0 
P, =10 kPa 
hy = 2524.3 kJ/kg 
Soy = 7.962 kJ/kg.K 
P,, =10 kPa 
h3 =191.81kJ/kg 
Xo =0 


The mass flow rate of dry air is given by 
v _ 4 
vi 0.8536m°/kg 


Mı = 


The mass flow rates of vapor at the inlet and exit of the cooling tower are 


A 4 
fhn = cr, = (0.01085) —— = 0.012714, 


i,» = @ m, = (0. 04112) — = = 0.04817Y, 


Mass and energy balances on the oe tower give 
My +Mew3 = My2 + Mews 
Mg hy + Meyghy3 = Maha + Mewgħwa 
The mass flow rate of the makeup water is determined from 
M makeup = Myo = My z Mew3 = Mews 
An energy balance on the condenser gives 
0.18m,h,, +0.82m,h,, +m 


s''sl s''s2 Ewald + (ee er w4 = mh,» + Moyghy3 


Solving all the above equations simultaneously with known and determined values using EES, we obtain 


Moy; =1413 kg/s 
V, = 47,700 mĉ?/min 
Makeup = 28.19 kg/s 
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14-118E Water is cooled by air in a cooling tower. The mass flow rate of dry air is to be determined. 


Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 


Analysis The mass flow rate of dry air through the tower remains constant (m,; = Maz =m,), but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 


Dry Air Mass Balance: 


Lm, = È Mae > May z Maz = Ma 
Water Mass Balance: AIR D 75°F 
‘ ; ; : ; : EXIT o, 
ÈX myi =È mwe > Mz +ma@ =M, + Mg) oe 


M3 — M4 =Ma (02 — 01) = M makeup t j f i j t 
ae eee 


WARM 
Energy Balance: 
= WATER © 
: ee 70 (steady) _ ——> g 2 
En — Eout = AE system =0 95°F A A A A A A 
En =Eon 3 lbm/s 
Emh =Z rh, (sinceQ = W =0) 


0= È meh, — È} m;h; 
0 = mgghy + mgh — Mah, — Mgh 


0= Ma (ho = h) + (m E Mmakeup ) Ma = mh 


Solving for m,, 


m = ms (h3 -=h,) 
i (hy -h )-(@ -@)h4 


From the psychrometric chart (Fig. A-31E), 


h, =19.9 Btu/lbm dry air 
œ =0.003911lbm H,O/lbm dry air 


v, =13.31 ft? Ibm dry air 
and 

hy = 34.3 Btu/Ibm dry air 

@, = 0.0149 lbm H,O/lbm dry air 
From Table A-4E, 

h; = h f @o52c = 63.04 Btu/lbm H,O 

hy = h; @gorc = 48.07 Btu/Ibm H,O 
Substituting, 


A (3 Ibm/s)(63.04 — 48.07)Btu/lbm 
“ (34.3 —19.9) Btu/lbm — (0.0149 — 0.00391)(48.07) Btu/Ibm 


=3.22 Ibm/s 
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14-119E Water is cooled by air in a cooling tower. The exergy lost in the cooling tower is to be determined. 


Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling 
tower is adiabatic. 


Analysis The mass flow rate of dry air through the tower remains constant (m, = Maz =m,), but the mass flow rate of 


liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and 
energy balances yields 


Dry Air Mass Balance: 


Lm, = È Mae > May z Maz = Ma 


Water Mass Balance: 


AIR 75°F 
EXIT © 80% 


ttt ttt 
paN een 


ÈX myi =È mwe > Mz +M @, =m, + Mg) 


Ms m, 7 Ma (@ a) = M makeup 


Energy Balance: 


È _E _ AE 70 (steady) =0 
in out 


system 


AAAA AA 


Ein = Eoi 
Emh =Z rh, (sinceQ=W =0) 
0 = È m.h, — X} m;h; 


0 = mgghy + mgh — Mah, — Mgh © mr 
0 = ma (hz — hi ) + (m3 — Mmakeup Mg — Mahz 1 atm 
cai 65°F 
Solving for m,, —; a E E ES 30% 
a ET neem Arie ee oie ee 
(hy -h )-(@ -@;)h4 T 
From the psychrometric chart (Fig. A-31E), 
h, =19.9 Btu/lbm dry air 
œ =0.003911lbm H,O/lbm dry air 
v, =13.31 ft? Ibm dry air 
and 
hy = 34.3 Btu/Ibm dry air 
@, = 0.0149 lbm H,O/lbm dry air 
From Table A-4, 
h; = hy @o5°p = 63.04 Btu/lbm H,O 
hy =h; @sor = 48.07 Btu/Ibm H ,O 
Substituting, 
(3 Ibm/s)(63.04 — 48.07)Btu/Ibm -3.22 hails 


m = 
“ (34.3 —19.9) Btu/lbm — (0.0149 — 0.00391)(48.07) Btu/Ibm 


The mass of water stream at state 3 per unit mass of dry air is 


m, = US 2s < baa = 0.9317 lbm water/lbm dry air 


ri, 3.22 lbm dry air/s 


The mass flow rate of water stream at state 4 per unit mass of dry air is 
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m, =m; — (@ — @,) = 0.9317 — (0.0149 — 0.00391) = 0.9207 Ibm water/lbm dry air 


The entropies of water streams are 
S3 =S f @9s°f = 9.12065 Btu/lbm-R 
S4 = S f @so°F = 0.09328 Btu/lbm- R 


The entropy change of water stream is 

AS water = M4S4 —M3S3 = 0.9207 x 0.09328 — 0.9317 x 0.12065 = —0.02653 Btu/R - Ibm dry air 
The entropies of water vapor in the air stream are 

Sg1 =Sg @eser = 2.0788 Btu/lbm -R 

Sg2 = Sg @s0°F = 2.0352 Btu/lbm - R 


The entropy change of water vapor in the air stream is 


AS vapor = @7S 


g2 ~ 8g, = 9.0149 x 2.0352 — 0.00391 x 2.0788 = 0.02220 Btu/R - Ibm dry air 


The partial pressures of water vapor and dry air for air streams are 
Py =% P31 = Pat @6s°r = (0.30)(0.30578 psia) = 0.0917 psia 
P =P, — P, =14.696 — 0.0917 = 14.60 psia 
Pyy = PoP oo = Oo Peat @75°r = (0.80)(0.43016 psia) = 0.3441 psia 
P2 = Py — P, =14.696 — 0.3441 =14.35 psia 


The entropy change of dry air is 


T, P 
As, =S2 — 51 =C, ln 2 — Rin = 
1 Pu 
14.35 
14.60 


= (0.240) In = — (0.06855) In = 0.005712 Btu/Ibm dry air 


The entropy generation in the cooling tower is the total entropy change: 


Sgen = ASwater + AS vapor + ASq = -0.02653 + 0.02220 + 0.005712 = 0.001382 BtwR - Ibm dry air 


Finally, the exergy destruction per unit mass of dry air is 


Xaest = To Sgen = (525 R)(0.001382 BtwR - Ibm dry air) = 0.726 Btullbm dry air 
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Review Problems 


14-120 Air is compressed by a compressor and then cooled to the ambient temperature at high pressure. It is to be 
determined if there will be any condensation in the compressed air lines. 


Assumptions The air and the water vapor are ideal gases. 
Properties The saturation pressure of water at 20°C is 2.3392 kPa (Table A-4).. 
Analysis The vapor pressure of air before compression is 
Pa =P; =% P sat @25°c = (0.50)(2.3392 kPa) =1.17 kPa 
The pressure ratio during the compression process is (800 kPa)/(92 kPa) = 8.70. That is, the pressure of air and any of its 
components increases by 8.70 times. Then the vapor pressure of air after compression becomes 


P, =P,, x (Pressure ratio) = (1.17 kPa)(8.70) = 10.2 kPa 


v 


The dew-point temperature of the air at this vapor pressure is 
Tap = Tat @ P,» = l sat@10.2kPa 7 46.1°C 


which is greater than 20°C. Therefore, part of the moisture in the compressed air will condense when air is cooled to 20°C. 


14-121E The mole fraction of the water vapor at the surface of a lake and the mole fraction of water in the lake are to be 
determined and compared. 


Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is weakly soluble in water and thus Henry’s law is 
applicable. 


Properties The saturation pressure of water at 60°F is 0.2564 psia (Table A-4E). Henry’s constant for air dissolved in water 
at 290 K (60°F) is given in Table 16-2 to be H = 62,000 bar. Since we do not have the value at 50°F, we may use this value. 


Analysis The air at the water surface will be saturated. Therefore, the partial pressure of water vapor in the air at the lake 
surface will simply be the saturation pressure of water at 60°F, 


Paor = Pagan =0-1781psia 


vapor 


Assuming both the air and vapor to be ideal gases, the mole fraction 
of water vapor in the air at the surface of the lake is determined to be 


a Pyapor = 0.1781 psia 
Pee p 14.5 psia 


= 0.0123 (or 1.23 percent) 


The partial pressure of dry air just above the lake surface is 


Pary ait = P — Pyapor = 14-5 — 0.1781= 14.32 psia 


vapor 


Then the mole fraction of air in the water becomes 


Pary air,gasside _ 14.32 psia(latm /14.696 psia) 


eta es = 1.593 x10~° 
Y dry aie quid side H 62,000 bar(1 atm/1.01325 bar) 


which is very small, as expected. Therefore, the mole fraction of water in the lake near the surface is 
AE acs 
Y water,liquid side = 1- Y dry air, liquidside = 1-1.593x10 ” =1.0 


Discussion The concentration of air in water just below the air-water interface is 1.59 moles per 100,000 moles. The 
amount of air dissolved in water will decrease with increasing depth. 
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14-122E A room is cooled adequately by a 7500 Btu/h air-conditioning unit. If the room is to be cooled by an evaporative 
cooler, the amount of water that needs to be supplied to the cooler is to be determined. 


Assumptions 1 The evaporative cooler removes heat at the same rate as the air conditioning unit. 2 Water evaporates at an 
average temperature of 70°F. 


Properties The enthalpy of vaporization of water at 70°F is 1053.7 Btu/lbm (Table A-4E). 


Analysis Noting that 1 Ibm of water removes 1053.7 Btu of heat as it evaporates, the amount of water that needs to 
evaporate to remove heat at a rate of 7500 Btu/h is determined from Q = rity aie. ‘je to be 


as Se Bi 2919 Ibi 


we" hg 1053.7 Btu/Ibm 


14-123E The required size of an evaporative cooler in cfm (ft*/min) for an 8-ft high house is determined by multiplying the 
floor area of the house by 4. An equivalent rule is to be obtained in SI units. 


Analysis Noting that 1 ft = 0.3048 m and thus 1 ft? = 0.0929 m° and 1 ft? = 0.0283 m’, and noting that a flow rate of 4 
ft?/min is required per ft? of floor area, the required flow rate in SI units per m? of floor area is determined to 


1ft? <> 4 ft? /min 
0.0929 m? <> 4x 0.0283 m? / min 
1m? 1.22 m?/min 


Therefore, a flow rate of 1.22 m*/min is required per m° of floor area. 


14-124 A cooling tower with a cooling capacity of 220 kW is claimed to evaporate 9500 kg of water per day. It is to be 
determined if this is a reasonable claim. 


Assumptions 1 Water evaporates at an average temperature of 30°C. 2 The coefficient of performance of the air- 
conditioning unit is COP = 3. 
Properties The enthalpy of vaporization of water at 30°C is 2429.8 kJ/kg (Table A-4). 


Analysis Using the definition of COP, the electric power consumed by the air conditioning unit when running is 


= Qoooling £ 220 kw 
COP 


W, = 73.33kW 


in 


Then the rate of heat rejected at the cooling tower becomes 
Qrejected = Qcooting + Win = 220 + 73.33 = 293.3kW 


Noting that 1 kg of water removes 2429.8 kJ of heat as it evaporates, the amount of water that needs to evaporate to remove 
heat at a rate of 293.3 kW is determined from Oui = Mater fg to be 


_ Quejected 293.3 KJ/s 


= = —— =0.1207 kg/s = 434.6 kg/h = 10,430 kg/da 
me hy 2429.8 kJ/kg i A sae 


m 


In practice, the air-conditioner will run intermittently rather than continuously at the rated power, and thus the water use 
will be less. Therefore, the claim amount of 9500 kg per day is reasonable. 
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14-125E It is estimated that 190,000 barrels of oil would be saved per day if the thermostat setting in residences in summer 
were raised by 6°F (3.3°C). The amount of money that would be saved per year is to be determined. 


Assumptions The average cooling season is given to be 120 days, and the cost of oil to be $20/barrel. 
Analysis The amount of money that would be saved per year is determined directly from 


(190,000 barrel/day)(120 days/year\($70/barrel) = $1,596,000 ,000 


Therefore, the proposed measure will save more than one and half billion dollars a year. 


14-126 Shading the condenser can reduce the air-conditioning costs by up to 10 percent. The amount of money shading can 
save a homeowner per year during its lifetime is to be determined. 


Assumptions It is given that the annual air-conditioning cost is $500 a year, and the life of the air-conditioning system is 
20 years. 


Analysis The amount of money that would be saved per year is determined directly from 
($500 / year)(20 years)(0.10) = $1000 


Therefore, the proposed measure will save about $1000 during the lifetime of the system. 


14-127 Air at a specified state is heated to to a specified temperature. The relative humidity after the heating is to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 

Analysis The properties of the air at the ambient state are determined from the psychrometric chart (Figure A-31) to be 
@, = 0.0015 kg H, O/kg dry air (= ø») 

As the outside air infiltrates into the dacha, it does not gain or 


lose any water. Therefore the humidity ratio inside the dacha is 
the same as that outside, 


i o 18°C 
@ = @ = 0.0015 kg H ,O/kg dry air 0°C 
40% + © 
Entering the psychrometry chart at this humidity ratio and the 1 atm AIR 


temperature inside the dacha gives 


$, =0.118 =11.8% 
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14-128 Air is humidified by evaporating water into this air. The amount of heating per m? of air is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma = Ma2 =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 21.9 kJ/kg dry air 
@, =0.00151kg H,O/kg dry air 
v; = 0.8268 m?/kg dry air 
and 
h, =37.7 kJ/kg dry air 
@, = 0.00773 kg H ,O/kg dry air 


Also, 

hy = hf @20°c =83.92 kJ/kg (Table A-4) 
Analysis The amount of moisture in the air increases due to humidification (@2 > @,). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 


Water Mass Balance: 


Ln, ; =LMy > MaA = Ma0 +My 
Energy Balance: 
È. -E.. =AE 0 (steady) _ 0 
in out system 
Éin z Eou 


2 m;h; + Qin = ÈZ mehe 


Qin = Mgyhy Mah mh, =m, (hy h,) m,,h,, 


in = hy -h —(@, — @)hy, 
= (37.7 —21.9)kJ/kg — (0.00773—0.00151)(83.92) 


= 15.28 kJ/kg dry air 


The heat transfer per unit volume is 


_ in _ 15.28 kJ/kg dry air 
vı 0.827 m?/kg dry air 


Ox: = 18.5 kJ/m? 
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14-129E Air is cooled by evaporating water into this air. The amount of water required and the cooling produced are to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma = Ma2 =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31E) to be 


h, =35.6 Btu/Ibm dry air 
@, = 0.0082 Ibm H,O/lbm dry air 
and 


hy = 34.3 Btu/lbm dry air 
æ = 0.0149 Ibm H ,O/lbm dry air 


Also, 

h, = h f @70°F =38.08 Btu/lbm (Table A-4E) 
Analysis The amount of moisture in the air increases due to humidification (@2 > @,). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 


Water Mass Balance: 


È yi =È Mye > Mag, = Ma2 +M, 


AQ@ = @, — @ = 0.0149 — 0.0082 = 0.0067 Ibm H,O/kibm dry air 


Energy Balance: 


#0 (steady) _ 0 
system = 


= AE 
in = out 


È r;h; 205; + È mehe 


Qout = Mah + myhy — Mazħ = Ma (h — ha) + myhy 


out =h — hy + (@ - @ hy 
= (335.6 — 34.3)Btu/lbm + (0.0067)(38.08) 


=1.47 Btullbm dry air 
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14-130E Air is humidified adiabatically by evaporating water into this air. The temperature of the air at the exit is to be 
determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma =Ma? =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 
Properties The inlet state of the air is completely specified, and the total pressure is 1 atm. The properties of the air at the 
inlet state are determined from the psychrometric chart (Figure A-31E) to be 


h, =35.6 Btu/lbm dry air 
@, = 0.0082 lbm H ,O/Ibm dry air 


and h, = hy @7r = 38.08 Btu/lbm (Table A-4E) 


Analysis The amount of moisture in the air increases due to humidification (@ > @,). Applying the water mass balance 
and energy balance equations to the combined cooling and humidification section, 


Water Mass Balance: 


2 My 3 =È} Mye >M 1 Q, =Ma +tMy 


My = Ma (@ -@) 


Energy Balance: 
: : : #0 (stead 
Ein — Eon = AE system ic 0 
Ein = E out 
“m,h; =} mehe 


Mah +myhy = Maoh» 
myhy = ma (hy — hy) 
(@, -@)hy =h —h, 
Substituting, 
(œ —0.0092)(83.92) = h, —64.0 


The solution of this equation requires a trial-error method. An air exit temperature is assumed. At this temperature and the 
given relative humidity, the enthalpy and specific humidity values are obtained from psychrometric chart and substituted 
into this equation. If the equation is not satisfied, a new value of exit temperature is assumed and this continues until the 
equation is satisfied. Alternatively, an equation solver such as EES may be used for the direct results. We used the 
following EES program to get these results: 


T, =79.6°F 
h, = 35.8 Btu/Ibm dry air 
@, = 0.0152 lbm H ,0/lbm dry air 


"Given" 

P=14.696 [psia] 

T_1=110 [F] 

phi_1=0.15 

phi_2=0.70 

T_w=70 [F] 

"Analysis" 

Fluid1$='AirH20' 

Fluid2$='steam_iapws' 
h_1=enthalpy(Fluid1$, T=T_1, R=phi_1, P=P) 
w_1=humrat(Fluid1$, T=T_1, R=phi_1, P=P) 
h_2=enthalpy(Fluid1$, T=T_2, R=phi_2, P=P) 
w_2=humrat(Fluid1$, T=T_2, R=phi_2, P=P) 
h_w=enthalpy(Fluid2$, T=T_w, x=0) 

q=0 

q=h_1-h_2+(w_2-w_1)*h_w 
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14-131E Air is cooled and dehumidified at constant pressure. The rate of cooling and the minimum humid air temperature 
required to meet this cooling requirement are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (mg, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 50.6 Btu/lbm dry air 
@, = 0.0263 Ibm H ,O/Ibm dry air 
v; = 14.44 ft? Ibm dry air 


Cooling coils 


11 = 90°F 
ogo Éd latm , =85% 
h, = 28.2 Btu/lbm dry air > 4 242 T Condensate 


@ = 0.0093 Ibm H ,O/Ibm dry air Q ~w @) 


We assume that the condensate leaves this system at the 
average temperature of the air inlet and exit. Then, 82.5°F 


h, =h; @e25er =50.56Btu/lbm (Table A-4) 


and T, = 75°F 


Condensate 
removal 


Analysis The amount of moisture in the air decreases due to dehumidification (@2 < @1). The mass of air is 


V, 1000 ft? 


3 = 69.25 lbm 
Vi 14.44 ft” /lbm dry air 


m 


a 


Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


ÈX myi a om Mye > 1g 1 = Mg @ + My 
m,, = m, (@ —@>) = (69.25 kg)(0.0263 — 0.0093) = 1.177 Ibm 


Energy Balance: 


= ABS gee -0 
= Egi 
Erhi =Qou +È ehe 

Qout = hahi —(fhazh, +m phy) = ting (hy —hy)—rhyhy, 

Qout =Ma (hy =h2)- Mhu 

Qoa = (69.25 kg)(50.6— 28.2)Btu/lbm — (1.177 lbm)(50.56 Btu/Ibm) 
= 1492 Btu 


For the desired dehumidification, the air at the exit should be saturated with a specific humidity of 0.0093 Ibm water/lbm 
dry air. That is, 


$ =1.0 
@, = 0.0093 lbm H ,O/lbm dry air 


The temperature of the air at this state is the minimum air temperature required during this process: 


T, =55.2°F 
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14-132E Air is cooled and dehumidified at constant pressure by a simple ideal vapor-compression refrigeration system. The 
system’s COP is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mg, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Analysis The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of 
the air at various states are determined from the psychrometric chart (Figure A-31) to be 


h, = 50.6 Btu/lbm dry air 
@, = 0.0263 lbm H ,O/Ibm dry air 
v; = 14.44 ft? Ibm dry air 


Cooling coils 


and T = 75°F ; Tı = 90°F 
b> =50% Pgh g d tatm 1 =85% 
h, = 28.2 Btu/lbm dry air l d a? a2 T Condensate 
@ = 0.0093 lbm H,O/Ibm dry air © , © 
For the desired dehumidification, the air at the exit should be o Condensate 
saturated with a specific humidity of 0.0093 Ibm water/lbm dry air. 82.5°F removal 
That is, 


=1.0 
xi . 
@, = 0.0093 Ibm H ,O/lbm dry air 


The temperature of the air at this state is the minimum air temperature required during this process: 
T> min = 55.2°F 
From the problem statement, the properties of R-134a at various states are (Tables A-11E through A-13E or from EES): 


T, =55.2—10 = 45.2°F 


P Papin = Spi h, =h, @sspsia = 109.49 Btu/lbm 
sat E 


S1 = S4 @ 55psia = 0.22156 Btu/lbm -R 
sat. vapor 


Tyat = 90 +19.5 = 109.5°F 


sat 


P, = P.x.@1095°r =160psia } h, =119.01 kJ/kg 


Sy = S4 
P, =160 psia 
i liquid } hs = h f @ 160psia = 48.52 Btu/Ibm 


h, = h, = 48.52 Btu/lbm (throttling) 


The COP of this system is then 


qı _ħ -h4 _ 109.49-48.52 _ 
h, —h, 119.01—109.49 


COP = 6.40 


Win 
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14-133 A tank contains saturated air at a specified state. The mass of the dry air, the specific humidity, and the enthalpy of 
the air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The air is saturated, thus the partial pressure of water vapor is equal to the saturation pressure at the given 
temperature, 


P, =P, = P.@20°c = 2-339 kPa 
P, = P — P, =90 — 2.339 =87.66 kPa 


Treating air as an ideal gas, 


OPV (87.66 kPa)(1.8 m°) 
R,T (0.287 kPa- m? / kg - K)(293 K) 


Ma 


(b) The specific humidity of air is determined from 


_0.622P, _ (0.622)(2.339 kPa) 
P-P,  (90-2.339) kPa 


=0.0166 kg H,O/kg dry air 


(c) The enthalpy of air per unit mass of dry air is determined from 
h=h, + œh, =c,T + ah, 
= (1.005 kJ/kg -°C)(20°C) + (0.0166)(2537.4 kJ/kg) 
= 62.2 kJ/kg dry air 
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EES 
14-134 Problem 14-133 is reconsidered. The properties of the air at the initial state are to be determined and the 
effects of heating the air at constant volume until the pressure is 110 kPa is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data:" 
Tdb[1] = 20 [C] 
P[1]=90 [kPa] 
Rh[1]=1.0 
P[2]=110 [kPa] 
Vol = 1.8 [m^3] 


w[1J=HUMRAT(AirH20, T=Tdb[1],P=P[1],R=Rh[1]) 
v[1J=VOLUME (AirH20, T=Tdb[1],P=P[1],R=Rh[1]) 
m_a=Vol/v[1] 
h[1J=ENTHALPY (AirH20, T=Tdb[1],P=P[1],w=w[1]) 

"Energy Balance for the constant volume tank:" 

E_in-E_out = DELTAE_tank 

DELTAE_tank=m_a*(u[2] -u[1]) 

E in=Q iin 

E_out = 0 [kJ] 

u[1J=INTENERGY(AirH20, T=Tdb[1],P=P[1],w=w[1]) 
u[2J]=INTENERGY(AirH20, T=Tdb[2],P=P[2],w=w[2]) 

"The ideal gas mixture assumption applied to the constant volume process yields:" 
P[1]/(Tdb[1]+273)=P[2]/(Tdb[2]+273) 

"The mass of the water vapor and dry air are constant, thus:" 
w[2]=w[1] 

Rh[2]=RELHUM(AirH20, T=Tdb[2],P=P[2],w=w/[2]) 
h[2]=ENTHALPY (AirH20, T=Tdb[2],P=P[2],w=w/[2]) 
v[2]=VOLUME (AirH20, T=Tdb[2],P=P[2],R=Rh[2]) 


PROPERTIES AT THE INITIAL STATE 
h[1]=62.25 [kJ/kga] 

m_a=1.875 [kga] 

v[1]=0.9599 [m*3/kga] 

w[1]=0.01659 [kgw/kga] 


100 T T T T T T T T T T 
P2 Qin 90 
[kPa] [kJ] 
90 0 80 
92 9.071 70 
94 18.14 
96 27.22 = 60 
98 36.29 er 
100 45.37 A 
102 54.44 © 40 
104 63.52 
106 | 72.61 30 
108 81.69 20 
110 90.78 

10 

0 

90 92 94 96 98 100 102 104 106 108 110 


P[2] [kPa] 
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14-135E Air at a specified state and relative humidity flows through a circular duct. The dew-point temperature, the 
volume flow rate of air, and the mass flow rate of dry air are to be determined. 


Assumptions The air and the water vapor are ideal gases. 


Analysis (a) The vapor pressure of air is 


AIR 
P, = ØP} = Psa @sor = (0.50)(0.2564 psia) = 0.128 psia 15 psia 
50 f/s 
Thus the dew-point temperature of the air is 60°F. 50% 


Tap =Tsat@ p, = Tat @0.128psia = 41.3°F (from EES) 


p 


(b) The volume flow rate is determined from 
2 2 
V =VA=V a = (50 no RO =17.45 ft/s 


(c) To determine the mass flow rate of dry air, we first need to calculate its specific volume, 
P, = P—P, =15- 0.128 = 14.872 psia 
a RT, _ (0.3704 psia - ft? /Ibm- R)(520 R) 


1 - =12.95 ft? / Ibm dry air 
Pa 14.872 psia 
Thus, 
V, 17.45 ft?/s 


=—= 5 = 1.35 lbm/s 
v 12.95 ft” /lbm dry air 


May 


14-90 
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14-136 Air enters a cooling section at a specified pressure, temperature, and relative humidity. The temperature of the air at 
the exit and the rate of heat transfer are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mm, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Analysis (a) The amount of moisture in the air also remains constant (@, = @,) as it flows through the cooling section 
since the process involves no humidification or dehumidification. The total pressure is 97 kPa. The properties of the air at 
the inlet state are 


P= Py: = Peat @ 35°c = (0.3)(5.629 kPa) = 1.69 kPa 


Cooling 
coils 


P. 


a 


1 =P,- P„ =97 -1.69 =95.31kPa 


y, — PaT _ (0.287 kPa. m? /kg - K)(308 K) 350C 
LO Pa 95.31kPa © 30% — — D 
3 n 
= 0.927 m?/kg dry air 6 m/min 97 kPa AIR 


_ 0.622 P, _ 0.622(1.69 kPa) 
P-P,  (97-1.69) kPa 
(1.005 kJ/kg°C)(35°C) + (0.0110)(2564.6 kJ/kg) = 63.44 kJ/kg dry air 


ON =0.0110 kg H,O/kg dry air (= @)) 


h =c,T, + @hg = 


The air at the final state is saturated and the vapor pressure during this process remains constant. Therefore, the exit 
temperature of the air must be the dew-point temperature, 


Tip =Tsat@p, = Tsat@1.69kPa = 14.8°C 
(b) The enthalpy of the air at the exit is 
hy =c T> + @yhgy = (1.005 kJ/kg -°C)(14.8°C) + (0.0110)(2528.1kJ/kg) = 42.78 kJ/kg dry air 
Also 
A 6m?/s 


=== = 6.47 kg/min 
vı 0.927m?/kg dry air 


Then the rate of heat transfer from the air in the cooling section becomes 


Qoa = rù, (h, — hy) = (6.47 kg/min)(63.44 — 42.78)kJ/kg = 134kJ/min 
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14-137 The outdoor air is first heated and then humidified by hot steam in an air-conditioning system. The rate of heat 
supply in the heating section and the mass flow rate of the steam required in the humidifying section are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 

Properties The amount of moisture in the air also remains constants it flows through the heating section (@, = @,) , but 
increases in the humidifying section (@3 > @,). The inlet and the exit states of the air are completely specified, and the 


total pressure is 1 atm. The properties of the air at various states are determined from the psychrometric chart (Fig. A-31) 
to be 


h, =17.7 kJ/kg dry air 
@, = 0.0030 kg H,O/kg dry air (= a) 
v, = 0.807 m*/kg dry air 


Heating 
coils 


hy = 29.8 kJ / kg dry air 10°C 25°C 
@, = @, = 0.0030 kg H,O / kg dry air WA E — 55% 
22 m°/min 


h; =52.9 kJ/kg dry air SSS SSS SSS eee 
@, = 0.0109 kg H,O/kg dry air © Q) © 


Analysis (a) The mass flow rate of dry air is 


ae 
rn, == 22m FON _ 97, 3kg/min 
v 0.807 m?/kg 


Then the rate of heat transfer to the air in the heating section becomes 
Qin = m,(h — h ) = (273 kg / min)(29.8 -17.7)kJ / kg = 330.3 kJ / min 

(b) The conservation of mass equation for water in the humidifying section can be expressed as 
M202 +My =Mg303 Or mM, =M,(@3-@>) 

Thus, 
m,, = (27.3 kg / min)(0.0109 — 0.0030) = 0.216 kg / min 
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14-138 Air is cooled and dehumidified in an air-conditioning system with refrigerant-134a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mm, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Analysis (a) The saturation pressure of water at 30°C is 4.2469 kPa. Then the dew point temperature of the incoming air 
stream at 30°C becomes 


Tap = Toat @P, = T at @0.7x4.2469 kPa 7 24°C 


Since air is cooled to 20°C, which is below its dew point temperature, some of the moisture in the air will condense. 


The mass flow rate of dry air remains constant during the entire process, but the amount of moisture in the air 
decreases due to dehumidification (@, < œ). The inlet and the exit states of the air are completely specified, and the total 
pressure is 1 atm. Then the properties of the air at both states are determined from the psychrometric chart (Fig. A-31) to 
be 


h, = 78.3 kJ/kg dry air 


@, = 0.0188 kg H,O/kg dry air G) © 
v, = 0.885 m?/kg dry air R-134a |700 kPa 700 kPa 
X3 = 20% sat. vapor 


and 
hy = 57.5 kJ/kg dry air 
@, =0.0147 kg H,O/kg dry air 


4m°/min 1atm 


Also, hy =hy@20¢ =83.915kJ/kg (Table A-4) 


po 4m? /mi 
Then, ma =—= —_ Mm = 4.52 kg/min 
vı 0.885 m° /kg dry air 


Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 


Water Mass Balance: 
È my; = È Mye > Mag = Mayo + My 


Til, = Til, (@1 —@>) = (4.52 kg /min)(0.0188 — 0.0147) = 0.0185 kg / min 


(b) Energy Balance: 
> 70 d 
Ein B E out = AE system CADE 0 
Ein = Eou 


È rh;h; = Qout +2mh —> Ors = Mah, — (Mazħ + m,h,,) = mg (hy — hy )— My hy, 
Qour = (4.52 kg/min)(78.3 — 57.5)kJ/kg — (0.0185 kg/min)(83.915 kJ/kg) = 92.5 kJ/min 
(c) The inlet and exit enthalpies of the refrigerant are 
h; =h, +Xx3h,, = 88.82 +0.2x176.21 =124.06 kJ/kg 
hy = hg @700KPa = 269.03 kJ/kg 


Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant becomes 


Qk 92.5 kJ/min 
hy—h, (265.03-—124.06) kJ/kg 


Qr =iMp(hy—hy) > Mp = = 0.66 kg/min 
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14-139 Air is cooled and dehumidified in an air-conditioning system with refrigerant-134a as the working fluid. The rate of 
dehumidification, the rate of heat transfer, and the mass flow rate of the refrigerant are to be determined. 
Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 
Analysis (a) The dew point temperature of the incoming air stream at 30°C is 
Pa = AP, = O:Peat @30°c = (0.7)(4.247 kPa) = 2.973 kPa 


Tap > Tat @ P, = Tat @ 2.973 kPa = 24°C © D 
700 kPa 
sat. vapor 


Since air is cooled to 20°C, which is below its dew point R-134a 
temperature, some of the moisture in the air will condense. 

The amount of moisture in the air decreases due to 
dehumidification (@, < @,). The inlet and the exit states of the 


30°C 
air are completely specified, and the total pressure is 95 kPa. 70% T 20°C 
The properties of the air at both states are determined to be 4 m`/min 95 kPa 

P,, = P,- Pa =95-2.97 = 92.03 kPa 


a 


y, RaT, _ (0.287 kPa -m’ / kg- K)(303 K) 
1O Pa 92.03 kPa 


0.622 P,, _ 0.622(2.97 kPa) 
P,-P,  (95—2.97) kPa 
h, =c pT, + hg, = (1.005 kJ/kg -°C)(30°C) + (0.0201)(2555.6 kJ/kg) = 81.50 kJ/kg dry air 


= 0.945 m° / kg dry air 


Q, = 0.0201 kg H, O/kg dry air 


and 
Pi = P32 = (1.00) Pat @ 20°C = 2.3392 kPa 


_ 0.622 P,, _ 0.622(2.3392 kPa) 
P,-P,„ — (95-2.3392) kPa 
h, =c „T, + @yhgy = (1.005 kJ/kg -°C)(20°C) + (0.0157)(2537.4 kJ/kg) = 59.94 kJ/kg dry air 

Also, hy =hf@zœc =83.915kJ/kg (Table A-4) 


Oz = 0.0157 kg H, O/kg dry air 


Vv, 7 4m? /min 

vy 0.945m°?/kg dry air 
Applying the water mass balance and the energy balance equations to the combined cooling and dehumidification section 
(excluding the refrigerant), 


= 4.23 kg/min 


Then, Mma = 


Water Mass Balance: Em, =} Mpe > Ma0, =M +My 
Tit, = til, (@1 —@>) = (4.23 kg / min)(0.0201- 0.0157) = 0.0186 kg / min 
(b) Energy Balance: 
En- É 


in 


AE AO (steady) =0 


out — system 


Ei, = Hise 
Emih = Qu tEh —> — Qoue = Mahi — (azh, + tity hy) = rn (Ch — hy) — hyhy 

O22 = (4.23 kg/min)(81.50 — 59.94)kJ/kg — (0.0186 kg/min)(83.915 kJ/kg) = 89.7 kJ/min 
(c) The inlet and exit enthalpies of the refrigerant are 

h; =h; + Xh ý =88.82 + 0.2 x176.21=124.06 kJ/kg 

hy = hg @700 kpa = 265.03 kJ/kg 
Noting that the heat lost by the air is gained by the refrigerant, the mass flow rate of the refrigerant is determined from 

Qr =Mp(hy — hz) 

Qr 89.7 kJ/min 


rip = = —_—* * = 0,636 kg/min 
h,—h3 (265.03 —- 124.06) kJ/kg 
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14-140 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate of water added to the air in the evaporative cooler are to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (M, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 


Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined from the psychrometric chart (Fig. A-31 or EES) to be 


h, = 29.8 kJ/kg dry air 
@, = 0.00581 kg/ H,O/kg dry air 
vı = 0.824 m?/kg 


T, aa 


| Water 
ģ, =55% 


Heating 
coils 


T, = 32.5°C 
QO, =0 15°C o 
Puet Z peas 55% —te eo Is 
wba 8 wb3 1] hy = hy = 47.8kI / kg dry air 30 m/min mae 


pae h, = 47.8 kJ/kg dry air © O0 ©Ọ 
T 


@3 = 0.00888 kg/ H O/kg dry air 
by = 45% 3 ; g/ H,O/kg dry 
wb3 =L7.1°C 
(b) The mass flow rate of dry air is 
A 30 m? /min 


M, =—= 3 = 36.4 kg/min 
vı 0.824m” /kg dry air 


Then the rate of heat transfer to air in the heating section becomes 


Qn =m, (hy —h,) = (66.4 kg/min)(47.8 — 29.8)kJ/kg = 655 kJ/min 
(c) The rate of water added to the air in evaporative cooler is 


Mw, added = w3 — Myo = Ma (@3 — @) = (36.4 ke/min)(0.00888 — 0.00581) = 0.112 kg/min 
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EES 


14-141 Problem 14-140 is reconsidered. The effect of total pressure in the range 94 to 100 kPa on the results 


required in the problem is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


P=101.325 [kPa] 

Tdb[1] =15 [C] 

Rh[1] = 0.55 

Vol_dot[1]= 30 [m^3/min] 
Tdb[3] = 25 [C] 

Rh[3] = 0.45 

P[1]=P 

P[2]=P[1] 

P[3]=P[1] 


"Energy balance for the steady-flow heating process 1 to 2:" 


"We neglect the PE of the flow. Since we don't know the cross sectional area of the flow streams, we also 


neglect theKE of the flow." 

E_dot_in - E_dot_out = DELTAE_dot_sys 
DELTAE_dot_sys = 0 [kJ/min] 

E_dot_in = m_dot_a*h[1]+Q_dot_in 
E_dot_out = m_dot_a*h[2] 


"Conservation of mass of dry air during mixing: m_dot_a = constant" 


m_dot_a = Vol_dot[1]/v[1] 


"Conservation of mass of water vapor during the heating process:" 


m_dot_a*w[1] = m_dot_a*w/[2] 


"Conservation of mass of water vapor during the evaporative cooler process:" 


m_dot_a*w[2]+m_dot_w = m_dot_a*w{[3] 


"During the evaporative cooler process:" 

Twb[2] = Twb[3] 

Twb[3] =WETBULB(AirH20, T=Tdb[3],P=P[3], R=Rh[3]) 
h[1J=ENTHALPY (AirH20, T=Tdb[1],P=P[1],R=Rh[1]) 
v[1J=VOLUME (AirH20, T=Tdb[1],P=P[1],R=Rh[1]) 
w[1J=HUMRAT(AirH20, T=Tdb[1],P=P[1],R=Rh[1]) 
{h[2]=ENTHALPY (AirH20, T=Tdb[2],P=P[2],B=Twb[2])} 
h[2]=h[3] 

Tdb[2]= TEMPERATURE (AirH20,h=h[2], P=P[2], w=w[2]) 


w[2]=HUMRAT(AirH20, T=Tdb[2],P=P[2],R=Rh[2]) 
h[3]=ENTHALPY (AirH20, T=Tdb[3],P=P[3],R=Rh[3]) 
w[3]=HUMRAT (AirH20, T=Tdb[3],P=P[3],R=Rh[3}) 


P Mw Qin Rh2 Tdb2 
[kPa] [kg/min] [kJ/min] [C] 
94 0.1118 628.6 0.1833 33.29 
95 0.1118 632.2 0.1843 33.2 
96 0.1118 635.8 0.1852 33.11 
97 0.1118 639.4 0.186 33.03 
98 0.1118 643 0.1869 32.94 
99 0.1117 646.6 0.1878 32.86 
100 0.1117 650.3 0.1886 32.78 
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33.3 


33.2 


33.1 


33 


Tdb[2] [C] 
Rh[2] 


32.9 


32.8 


32.7 


P [kPa] 


655 


650 


645 


640 


635 


Qin [kJ/min] 


630 


625 
94 95 96 97 98 99 100 


P [kPa] 


0.1119 


0.1118 


mw [kg/min] 


0.1117 


0.1116 
94 95 96 97 98 99 100 
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14-142 Air is heated and dehumidified in an air-conditioning system consisting of a heating section and an evaporative 
cooler. The temperature and relative humidity of the air when it leaves the heating section, the rate of heat transfer in the 
heating section, and the rate at which water is added to the air in the evaporative cooler are to be determined. 
Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mm, = Ma2 =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 
negligible. 
Analysis (a) Assuming the wet-bulb temperature of the air remains constant during the evaporative cooling process, the 
properties of air at various states are determined to be 

| Water 


Py, = Py = Paa @15°c = (0.55)(1.7057 kPa) = 0.938 kPa 


Heating 
coils 


P,, = P, — P„ =96 — 0.938 = 95.06 kPa 


a 


y, — RaT, _ (0.287 kPa m? / kg- K)(288 K) 15°C 25°C 
1O Pa 95.06 kPa 55% |" AIR T 45% 
30 m”/min | 2 


= 0.8695 m° / kg dry air © © oOo 


0.622 P,  0.622(0. 
fig ee Ear DGA OSOOIES) o (0G 138 ke TORGA Aik 
P,—P,  (96—0.8695) kPa 


hy =c pT; + hg = (1.005 kJ/kg : °C)(15°C) + (0.006138)(2528.3 kJ/kg) = 30.59 kJ/kg dry air 


and 
P3 = 3P,3 = $3Peat@25°c. = (0-45)(3.17 kPa) = 1.426 kPa 
P,3 = P; — P} =96 —1.426 = 94.57 kPa 
3 = + = OL SOE = 0.009381 kg H ,O/kg dry air 
h; =c „T3 + @3hg3 = (1.005 kJ/kg - °C)(25°C) + (0.009381)(2546.5 kJ/kg) 
= 49.01 kJ/kg dry air 
Also, 
hy = h} = 49.01 kJ/kg 
@, = @, = 0.006138 kg H,O/kg dry air 
Thus, 


hy =c pT) + @hg2 = C pT + @ (2500.9 + 1.82T, ) = (1.005 kJ/kg - °C)T, + (0.006138)(2500.9 + 1.82T, ) 
Solving for T», 
T, =33.1°C —> Poo = Pya@a3.10c = 9-072 kPa 


0P, : (0.006138)(96) 


= = 0.185 or 18.5% 
(0.622 +@,)P,> (0.622 + 0.006138)(5.072) 


Thus, 4, 


(b) The mass flow rate of dry air is 


% 3/ mi 
m,=—= ge a = a -min =34.5 kg/min 
vı 0.8695 m° /kg dry air 


Then the rate of heat transfer to air in the heating section becomes 
Qin =m, (hy — h ) = (34.5 kg/min)(49.01 — 30.59)kJ/kg = 636 kJ/min 
(c) The rate of water addition to the air in evaporative cooler is 
My added = Mw3 — Myo = Ma (@3 — @,) = (34.5 kg/min)(0.009381 — 0.006138) = 0.112 kg/min 
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14-99 
14-143 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram 
are to be sketched and the heat transfer is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Mma = Ma2? =Ma). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 


Cooling coils 


T,=30°C 
T,=20°C : 
Tyio=12°C adfa tam  ~*] Pme% 
| d , > «2 T Condensate 
20°C Condensate 
removal 
AirH20 
0.050 r 1 r T T T T T T r T T T T 


0.045 L Pressure = 101.3 [kPa] 


Humidity Ratio 


T [PC] 


(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air 
at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be 


h, = 71.2 kJ/kg dry air 
œ = 0.0160 kg H,O/kg dry air 
v, = 0.881 m°/kg dry air 


and 
gy =0.376 
hy =33.9 kJ/kg dry air 
@ =0.00544 kg H,O/kg dry air 
v, = 0.838 m*/kg dry air 
Also, 


hy = Ny @20°c = 83.9 kJ/kg (Table A-4) 
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The mass flow rate of air in the room to be replaced is 


_V, _ (700/60 m*/s) 
¥ 0.838 m*/kg 


= 13.93 kg/s 


a 


The mass flow rate of outside air is 


Mout = Mou (1+ @,) = (13.93 kg/s)(1 + 0.0160) = 14.15 kg/s = 50,940 kg/h 


(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


È Mpi =È Mye > Ma0 = Ma2 +M, 
my = M (a, —@) 
Substituting, 


rh, = h, (@, — @>) = (13.93 kg/s)(0.0160 — 0.00544) = 0.147 kg/s = 8.83 kg/min 


(d) Energy Balance: 
: : : #0 (stead 
Ein -Eou = AE system (teno = 0 
Ein = Eou 


È m;h; z Qout + ÈZ mehe 
Qour = Mah — (thgghy + yhy) 
= Ma (h = hy) z Myhy 
Noting that the cooling water absorbs this heat, the mass flow rate of cooling water is determined from 


m,(h, — h>) - mh, = Mew pwATew 
ma (hy = hy) si myn, 
~ Cg cy 
_ (13.93 kg/s)(71.2 — 33.9) kJ/kg — (0.147 kg/s)(83.9 kJ/kg) 
= (4.18 kJ/kg -°C)(15°C) 


cw 


= 8.08 kg/s 
= 485 kg/min 
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14-144 Air is cooled, dehumidified and heated at constant pressure. The system hardware and the psychrometric diagram 
are to be sketched and the heat transfer is to be determined. 


Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire 
process (Ma =Ma? =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are 


negligible. 


Analysis (a) The schematic of the cooling and dehumidifaction process and the the process on the psychrometric chart are 
given below. The psychrometric chart is obtained from the Property Plot feature of EES. 


Heating coils 


Cooling coils 


dò latm 


© Q 
Condensate 


4°C 
removal 


0.050 — ss 
Pressure = 101.3 [kPa] 


Humidity Ratio 


(b) The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the air 
at the inlet and exit states are determined from the psychrometric chart (Figure A-31 or EES) to be 


Tap = 21.4°C 
h; = 71.2 kJ/kg dry air 
œ = 0.0160 kg H,O/kg dry air 
v, = 0.881 m°/kg dry air 
and 
T, =14.3°C 
Ø =0.50 
hy = 27.1kJ/kg dry air 
@, =0.00504 kg H,O/kg dry air 
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Also, 


hy =hyp @aec =16.8kI/kg (Table A-4) 
The volume flow rate at the inlet is 
V, =m,v, = (100/60 kg/s)(0.881m°/kg) =1.47 m3/s 


(c) Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section, 


Water Mass Balance: 


Zy; =È Mye > MgO = Ma2 02 +M, 
My = Ma (0 —@>) 
Energy Balance: 


AE 0 (steady) _ 0 


out 7 AE system 
in Z E out 
Erih; = Qoye + Ehehe 
Qout = Marhy — (ritgyhy + myhy) 
=m,(h, - h3) -myhy 


_ Ma (h hy) Ma (Q, @y )hy, 


Substituting, 


Quy =Ma [(h, hy) -(@, @>)hy, | 
= (100/60 kg/s)(71.2 — 27.1) kJ/kg — (0.0160 — 0.00504)(16.8 kJ/kg) 
= 73.2 kW 
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14-145 D Waste heat from the cooling water is rejected to air in a natural-draft cooling tower. The mass flow rate of the 
cooling water, the volume flow rate of air, and the mass flow rate of the required makeup water are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential 
energy changes are negligible. 4 The cooling tower is adiabatic. 


Analysis (a) The mass flow rate of dry air through the tower remains constant (m, =m, = m ) , but the mass flow rate of 
liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process. 
The water lost through evaporation is made up later in the cycle using water at 30°C. Applying the mass balance and the 
energy balance equations yields 
Dry Air Mass Balance: 
AIR 32°C 
£ Tha i => Tg e > Mma=ńa =m EXIT saturated 


Water Mass Balance: 


UM, i = È Mye 


M, +M = M4 + M202 


m, -M4 = M, (@ - 0) = M makeup 
Energy Balance: 


AÈ 70 (steady) =0—> Ein = Eout 


E Eout = system 
Emh =2m,h,  (sinceQ = W =0) 
0=5 rmh, - Z rh;h, 


0 = Mg hy + m4h; — Mh, — mhg 


in 


0= Ma (hy = h) afr (m; z Mmakeup) P4 = mh; 


Solving for m, , 


: ma (hz — hy) 
m, = 
(hy — hy) —(@2 - @,)hy 

From the psychrometric chart (Fig. A-31 or EES), 

h, = 44.67 kJ/kg dry air 

@, = 0.008462 kg H, O/kg dry air 

v, = 0.8504 m?/kg dry air 
and 

hy =110.69 kJ/kg dry air 

@, = 0.03065 kg H,O/kg dry air 
From Table A-4, 

h; = h f @azc =175.90 kJ/kg H,O 

hy =h; @30°c =125.74 kJ/kg H,O 


Substituting 


cae rg(175.90 — 125.74)kJ/kg 
a (110.69 — 44.67) kJ/kg — (0.03065 — 0.008462)(125.74) kJ/kg 


= 0.7933m; 


The mass flow rate of the cooling water is determined by applying the steady flow energy balance equation on the cooling 
water, 
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Oi = m3h; —(m; — M makeup )h4 = mgh —[m3 -ma (@ —@,)]h4 
= mh; — m; [1— 0.7933(0.03065 — 0.008462)]h, 
= m, (h, —0.9824h,) 
70,000 kJ/s = m; (175.90 — 0.9824 x 125.74) kJ/kg —— m; = 1337 kg/s 
and 
m, = 0.7933m, = (0.7933)(1337 kg/s) = 1061 kg/s 
(b) Then the volume flow rate of air into the cooling tower becomes 
V, = mv, = (1061 kg/s)(0.8504 m° / kg) = 902 m/s 
(c) The mass flow rate of the required makeup water is determined from 


makeup = a (@> — ©) = (1061 kg/s)(0.03065 — 0.008462) = 23.5 kg/s 
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EES 
14-146 Problem 14-145 is reconsidered. The effect of air inlet wet-bulb temperature on the required air volume flow 
rate and the makeup water flow rate is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

P_atm =101.325 [kPa] 

T_db_1 = 23 [C] 

T_wb_1 = 16 [C] 

T_db_2 = 32 [C] 

RH_2 = 100/100 "%. relative humidity at state 2, saturated condition" 
Q_dot_waste = 70 [MW]*Convert(MW, kW) 

T_cw_3 = 42 [C] "Cooling water temperature at state 3" 

T_cw_4 = 30 [C] "Cooling water temperature at state 4" 


"Dry air mass flow rates:" 
"RH_1 is the relative humidity at state 1 on a decimal basis" 


v_1=VOLUME(AirH20,T=T_db_1,P=P_atm,R=RH_1) 
T_wb_1 = WETBULB(AirH20,T=T_db_1,P=P_atm,R=RH_1) 
m_dot_a_1 = Vol_dot_1/v_1 


"Conservaton of mass for the dry air (ma) in the SSSF mixing device:" 
m_dot_a_in - m_dot_a_out = DELTAm_dot_a_cv 
m_dot_a_in=m_dot_a_1 

m_dot_a_out = m_dot_a 2 

DELTAm_dot_a_cv = 0 "Steady flow requirement" 


"Conservation of mass for the water vapor (mv) and cooling water for the SSSF process:" 
m_dot_w_in - m_dot_w_out = DELTAm_dot_w_cv 

m_dot_w_in = m_dot_v_1+m_dot_cw_3 

m_dot_w_out = m_dot_v_2+m_dot_cw_4 

DELTAm_dot_w_cv = 0 "Steady flow requirement" 
w_1=HUMRAT(AirH20,T=T_db_1,P=P_atm,R=RH_1) 

m_dot_v_1=m_dot_a_1*w_1 

w_2=HUMRAT(AirH20,T=T_db_2,P=P_atm,R=RH_2) 

m_dot_v_2=m_dot_a_ 2*w 2 


"Conservation of energy for the SSSF cooling tower process:" 

"The process is adiabatic and has no work done, ngelect ke and pe" 
E_ dot_in_tower - E_dot_out_tower = DELTAE_dot_tower_cv 
E_dot_in_tower= m_dot_a_1 *h[1] + m_dot_cw_3*h_wf[3] 
E_dot_out_tower = m_dot_a_2*h[2] + m_dot_cw_4*h_w{4] 
DELTAE_dot_tower_cv = 0 "Steady flow requirement" 
h[1J=ENTHALPY(AirH20,T=T_db_1,P=P_atm,w=w_1) 
h[2]=ENTHALPY(AirH20,T=T_db_2,P=P_atm,w=w_2) 
h_w[3]=-ENTHALPY (steam, T=T_cw_3,x=0) 
h_w[4]=ENTHALPY(steam, T=T_cw_4,x=0) 


"Energy balance on the external heater determines the cooling water flow rate:" 
E_dot_in_heater - E_dot_out_heater = DELTAE_dot_heater_cv 

E dot_in_heater = Q_dot_waste + m_dot_cw_4*h_wJ[4] 

E_dot_out_heater = m_dot_cw_3* h_w[3] 

DELTAE_dot_heater_cv = 0 "Steady flow requirement" 


"Conservation of mass on the external heater gives the makeup water flow rate." 
"Note: The makeup water flow rate equals the amount of water vaporized in the cooling tower." 
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m_dot_cw_in - m_dot_cw_out = DELTAm_dot_cw_cv 
m_dot_cw_in = m_dot_cw_4 + m_dot_makeup 
m_dot_cw_out = m_dot_cw_3 

DELTAm_dot_cw_cv = 0 "Steady flow requirement" 


Two1 Vol; Mmakeup Mew3 Ma1 
[C] [m*/s] [kgw/s] [kgw/s] [kga/s] 
14 828.2 23.84 1336 977.4 
15 862.7 23.69 1336 1016 
16 901.7 23.53 1337 1060 
17 946 23.34 1337 1110 
18 996.7 23.12 1338 1168 
19 1055 22.87 1338 1234 
20 1124 22.58 1339 1312 
21 1206 22.23 1340 1404 
22 1304 21.82 1341 1515 
23 1424 21.3 1342 1651 
1500 ot yo > 7 4 
1400 L- 
1300 L = 
m | uv 
N 
de 1200 r E 
L a 
F 1100 i : 
1000 | g 
L "E 
900 L 
800 po Pe i e cA! Ce a 
14 15 16 17 18 19 20 21 22 
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14-147 An uninsulated tank contains moist air at a specified state. Water is sprayed into the tank until the relative humidity 
in the tank reaches a certain value. The amount of water supplied to the tank, the final pressure in the tank, and the heat 
transfer during the process are to be determined. 


Assumptions 1 Dry air and water vapor are ideal gases. 2 The kinetic and potential energy changes are negligible. 


Analysis The initial state of the moist air is completely specified. The properties of the air at the inlet state may be 
determined from the psychrometric chart (Figure A-31) or using EES psychrometric functions to be (we used EES) 


h, = 49.16 kJ/kg dry air, @, = 0.005433 kg H, O/kg dry air 
v = 0.6863 m? / kg dry air 
The initial mass in the tank is 
Y, 05m? 
a> o, 0.6863m 


= =0.7285kg 


The partial pressure of dry air in the tank is 
_ MaRal2 _ (0.7285 kg)(0.287 kJ/kg.K)(35 + 273 K) 


: =128.8kPa 
v (0.5 m°) 


a2 


Then, the pressure of moist air in the tank is determined from 


J- azs.8eaf1+ 22 ) 
0.622 


P, =P |142 
cama alin 0.622 


We cannot fix the final state explicitly by a hand-solution. However, using EES which has built-in functions for moist air 
properties, the final state properties are determined to be 


P, =133.87 kPa @, = 0.02446 kg H,O/kg dry air 
hy = 97.97 kJ/kg dry air v, = 0.6867 m? /kg dry air 
The partial pressures at the initial and final states are 
Pa = Panase = 0-20(5.6291 kPa) = 1.126 kPa 
Pı =P,—-P,, =130—-1.126 =128.87 kPa 
P, =P -P> =133.87 —128.81=5.07 kPa 
The specific volume of water at 35°C is 
Yi = Vw = Ygq@asec = 25.205 m°*/kg 
The internal energies per unit mass of dry air in the tank are 
u = h — Py, -w1 Pa Vm = 49.16 — 128.87 x 0.6863 — 0.005433 x 1.126 x 25.205 = —39.44 kJ/kg 
Uy =h, — P 2V —W P, V2 = 97.97 — 128.81 x 0.6867 — 0.02446 x 5.07 x 25.205 = 6.396 kJ/kg 
The enthalpy of water entering the tank from the supply line is 
h = he @soc = 209.34 kJ/kg 
The internal energy of water vapor at the final state is 
Uw2 =Ug@asc = 2422.7 kJ/kg 


The amount of water supplied to the tank is 


Mm, = m, (@ — @,) = (0.7285 kg)(0.02446 - 0.005433) = 0.01386 kg 
An energy balance on the system gives 
Ein = AE tank 
Qin +Myhyy = Mg (Uy —U,)+ MU. 


Qin + (0.01386 kg)(209.34 kJ/kg) = (0.7285 kg)|6.396 - (-39.44)kJ/kg ]+ (0.01386 kg)(2422.7 kJ/kg) 


Qj, =64.1kI 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-108 


Fundamentals of Engineering (FE) Exam Problems 


14-148 A room is filled with saturated moist air at 25°C and a total pressure of 100 kPa. If the mass of dry air in the room is 
100 kg, the mass of water vapor is 


(a) 0.52 kg (b) 1.97 kg (c) 2.96 kg (d) 2.04 kg (e) 3.17 kg 
Answer (d) 2.04 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

P=100 "kPa" 

m_air=100 "kg" 

RH=1 
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 
RH=P_v/P_g 

P_air=P-P_v 

w=0.622*P_v/(P-P_v) 

w=m_v/m_air 


"Some Wrong Solutions with Common Mistakes:" 

W1_vmass=m_air*w1; w1=0.622*P_v/P "Using P instead of P-Pv in w relation" 
W2_vmass=m_air "Taking m_vapor = m_air" 

W3_vmass=P_v/P*m_air “Using wrong relation" 


14-149 A room contains 65 kg of dry air and 0.6 kg of water vapor at 25°C and 90 kPa total pressure. The relative humidity 
of air in the room is 


(a) 3.5% (b) 41.5% (c) 55.2% (d) 60.9% (e) 73.0% 
Answer (b) 41.5% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

P=90 "kPa" 

m_air=65 "kg" 

m_v=0.6 "kg" 

w=0.622*P_v/(P-P_v) 

w=m_v/m_air 
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 
RH=P_v/P_g 


"Some Wrong Solutions with Common Mistakes:" 
W1_RH=m_v/(m_air+m_v) "Using wrong relation" 
W2_RH=P_g/P "Using wrong relation" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-109 


14-150 A 40-m? room contains air at 30°C and a total pressure of 90 kPa with a relative humidity of 75 percent. The mass 
of dry air in the room is 


(a) 24.7 kg (b) 29.9 kg (c) 39.9 kg (d) 41.4 kg (e) 52.3 kg 
Answer (c) 39.9 kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


V=40 "m^3" 

T1=30 "C" 

P=90 "kPa" 

RH=0.75 
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 
RH=P_v/P_g 

P_air=P-P_v 

R_air=0.287 "kJ/kg.K" 
m_air=P_air*V/(R_air*(T1+273)) 


"Some Wrong Solutions with Common Mistakes:" 
W1_mass=P_air*V/(R_air*T1) "Using C instead of K" 
W2_mass=P*V/(R_air*(T1+273)) "Using P instead of P_air" 
W3_mass=m_air*RH "Using wrong relation" 


14-151 A room contains air at 30°C and a total pressure of 96.0 kPa with a relative humidity of 75 percent. The partial 
pressure of dry air is 


(a) 82.0 kPa (b) 85.8 kPa (c) 92.8 kPa (d) 90.6 kPa (e) 72.0 kPa 
Answer (c) 92.8 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=30 "C" 

P=96 "kPa" 

RH=0.75 
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 
RH=P_v/P_g 

P_air=P-P_v 

"Some Wrong Solutions with Common Mistakes:" 
W1_Pair=P_v "Using Pv as P_air" 
W2_Pair=P-P_g "Using wrong relation" 
W3_Pair=RH*P "Using wrong relation" 
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14-110 


14-152 The air in a house is at 25°C and 65 percent relative humidity. Now the air is cooled at constant pressure. The 
temperature at which the moisture in the air will start condensing is 


(a) 7.4°C (b) 16.3°C (c) 18.0°C (d) 11.3°C (e) 20.2°C 
Answer (c) 18.0°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T1=25 "C" 

RH1=0.65 
P_g=PRESSURE(Steam_IAPWS,T=T1,x=0) 
RH1=P_v/P_g 
T_dp=TEMPERATURE(Steam_IAPWS,x=0,P=P_v) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Tdp=T1*RH1 "Using wrong relation" 

W2_Tdp=(T1+273)*RH1-273 "Using wrong relation" 

W3_Tdp=WETBULB(AirH20, T=T1,P=P1,R=RH1); P1=100 "Using wet-bulb temperature" 


14-153 On the psychrometric chart, a cooling and dehumidification process appears as a line that is 
(a) horizontal to the left, 

(b) vertical downward, 

(c) diagonal upwards to the right (NE direction) 

(d) diagonal upwards to the left (NW direction) 

(e) diagonal downwards to the left (SW direction) 


Answer (e) diagonal downwards to the left (SW direction) 


14-154 On the psychrometric chart, a heating and humidification process appears as a line that is 


(a) horizontal to the right, 

(b) vertical upward, 

(c) diagonal upwards to the right (NE direction) 
(d) diagonal upwards to the left (NW direction) 
(e) diagonal downwards to the right (SE direction) 


Answer (c) diagonal upwards to the right (NE direction) 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


14-111 


14-155 An air stream at a specified temperature and relative humidity undergoes evaporative cooling by spraying water into 
it at about the same temperature. The lowest temperature the air stream can be cooled to is 


(a) the dry bulb temperature at the given state 

(b) the wet bulb temperature at the given state 

(c) the dew point temperature at the given state 

(d) the saturation temperature corresponding to the humidity ratio at the given state 
(e) the triple point temperature of water 


Answer (a) the dry bulb temperature at the given state 


14-156 Air is cooled and dehumidified as it flows over the coils of a refrigeration system at 85 kPa from 35°C and a 
humidity ratio of 0.023 kg/kg dry air to 15°C and a humidity ratio of 0.015 kg/kg dry air. If the mass flow rate of dry air is 
0.4 kg/s, the rate of heat removal from the air is 


(a) 4kJ/s (b) 8 kJ/s (c) 12 kJ/s (d) 16 kJ/s (e) 20 kJ/s 
Answer (d) 16 kJ/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P=85 "kPa" 

T1=35 "C" 

w1=0.023 

T2=15 "C" 

w2=0.015 

m_air=0.4 "kg/s" 

m_water=m_air*(w1-w2) 

h1=ENTHALPY (AirH20,T=T1,P=P,w=w1) 
h2=ENTHALPY (AirH20,T=T2,P=P,w=w2) 
h_w=ENTHALPY(Steam_IAPWS,T=T2,x=0) 
Q=m_air*(h1-h2)-m_water*h_w 


"Some Wrong Solutions with Common Mistakes:" 

W1_Q=m_air*(h1-h2) "Ignoring condensed water" 
W2_Q=m_air*Cp_air*(T1-T2)-m_water*h_w; Cp_air = 1.005 "Using dry air enthalpies” 
W3_Q=m_air*(h1-h2)+m_water*h_w "Using wrong sign" 
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14-157 Air at a total pressure of 90 kPa, 15°C, and 75 percent relative humidity is heated and humidified to 25°C and 75 
percent relative humidity by introducing water vapor. If the mass flow rate of dry air is 4 kg/s, the rate at which steam is 
added to the air is 


(a) 0.032 kg/s (b) 0.013 kg/s (c) 0.019 kg/s (d) 0.0079 kg/s (e) 0 kg/s 
Answer (a) 0.032 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


P=90 "kPa" 

T1=15 "C" 

RH1=0.75 

T2=25 "C" 

RH2=0.75 

m_air=4 "kg/s" 
w1=HUMRAT(AirH20,T=T1,P=P,R=RH1) 
w2=HUMRAT(AirH20,T=T2,P=P,R=RHZ2) 
m_water=m_air*(w2-w1) 

"Some Wrong Solutions with Common Mistakes:" 
W1_mv=0 "sine RH = constant" 
W2_mv=w2-w1 "Ignoring mass flow rate of air" 
W3_mv=RH1*m_air "Using wrong relation" 


14-158 --- 14-162 Design and Essay Problems 
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15-2 


Fuels and Combustion 


15-1C Nitrogen, in general, does not react with other chemical species during a combustion process but its presence affects 
the outcome of the process because nitrogen absorbs a large proportion of the heat released during the chemical process. 


15-2C Moisture, in general, does not react chemically with any of the species present in the combustion chamber, but it 
absorbs some of the energy released during combustion, and it raises the dew point temperature of the combustion gases. 


15-3C The number of atoms are preserved during a chemical reaction, but the total mole numbers are not. 


15-4C Air-fuel ratio is the ratio of the mass of air to the mass of fuel during a combustion process. Fuel-air ratio is the 
inverse of the air-fuel ratio. 


15-5C No. Because the molar mass of the fuel and the molar mass of the air, in general, are different. 


15-6C The dew-point temperature of the product gases is the temperature at which the water vapor in the product gases 
starts to condense as the gases are cooled at constant pressure. It is the saturation temperature corresponding to the vapor 
pressure of the product gases. 


15-7 Sulfur is burned with oxygen to form sulfur dioxide. The minimum mass of oxygen required and the mass of sulfur 
dioxide in the products are to be determined when | kg of sulfur is burned. 


Properties The molar masses of sulfur and oxygen are 32.06 kg/kmol and 32.00 kg/kmol, respectively (Table A-1). 


Analysis The chemical reaction is given by 
S+0, —> 5O, 


Hence, 1kmol of oxygen is required to burn 1 kmol of sulfur which 
produces 1 kmol of sulfur dioxide whose molecular weight is 


M soz = Ms +My =32.06+ 32.00 = 64.06 kg/kmol 


S+0, —>S0, 


Then, 


Moz _ NoMoz: _ (l kmol)(32 kg/kmol) 
Mg NsMs (1 kmol)(32.06 kg/kmol) 


= 0.998 kg O,/kg S 


and 


Mgo2 _ NgooMgo2 _ (1 kmol)(64.06 kg/kmol) 
Mg NoMg (1 kmol)(32.06 kg/kmol) 


= 1.998 kg SO, /kg S 
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15-3 


15-8E Methane is burned with diatomic oxygen. The mass of water vapor in the products is to be determined when 1 Ibm of 
methane is burned. 


Properties The molar masses of CHy, O2, CO», and H,O are 16, 32, 44, 
and 18 lbm/Ibmol, respectively (Table A-1E). 


CH, +20, 


Analysis The chemical reaction is given by 
—> CO, +2H,0 


CH, +20, ——> CO, +2H,0O 
Hence, for each lbmol of methane burned, 2 lbmol of water vapor are formed. Then, 


Mmo _ NmoMmo _ (2lbmol)(18Ibm/Ibmol) _ 5 2 IhmH.O/lbm CH 
(1 Ibmol)(16 Ibm/Ibmol) 4 4 


Mona Ncuy4M cus 
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15-4 


Theoretical and Actual Combustion Processes 


15-9C It represent the amount of air that contains the exact amount of oxygen needed for complete combustion. 


15-10C No. The theoretical combustion is also complete, but the products of theoretical combustion does not contain any 
uncombined oxygen. 


15-11C Case (b). 


15-12C The causes of incomplete combustion are insufficient time, insufficient oxygen, insufficient mixing, and 
dissociation. 


15-13C CO. Because oxygen is more strongly attracted to hydrogen than it is to carbon, and hydrogen is usually burned to 
completion even when there is a deficiency of oxygen. 
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15-14 Propane is burned with theoretical amount of air. The mass fraction of carbon dioxide and the mole and mass 
fractions of the water vapor in the products are to be determined. 


Properties The molar masses of C3Hg, O2, N2, CO2, and H,O are 44, 32, 28, 44, and 18 kg/kmol, respectively (Table A-1). 
Analysis (a) The reaction in terms of undetermined coefficients is 
C3H:, + x(O, + 3.76N,)——> yCO, + zZH,0+ pN> 


Balancing the carbon in this reaction gives 
C3Hs 


y=3 
and the hydrogen balance gives Air 
100% theoretical 


COs, H,0, Np 


2z=8 —>z=4 


The oxygen balance produces 


2x=2y+z >x=yt+z/2=34+4/2=5 
A balance of the nitrogen in this reaction gives 


2x3.76x = 2p —> p =3.76x =3.76x5 =18.8 


In balanced form, the reaction is 
C,H, +50, +18.8N, ——>3CO, +4H,0+18.8N, 


The mass fraction of carbon dioxide is determined from 


mfcoo = Mco? _ N co2M cor 
M products N co2M coz + N moM mo +Ny2M no 
7 (3 kmol)(44 kg/kmol) 
(3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol) 
-132ks _0181 
730.4 kg 


(b) The mole and mass fractions of water vapor are 


Nmo _ Nipo 4 kmol 4 kmol 


N products Ncoz +Npo +Nẹn2 3kmol+4kmol+18.8kmol 25.8 kmol 
mf _ Mmo _ NimoM mo 
H20 7—5 

Mproducts N co2M coz + NmoM mo + Ny2M no 

B (4 kmol)(18 kg/kmol) 
(3 kmol)(44 kg/kmol) + (4 kmol)(18 kg/kmol) + (18.8 kmol)(28 kg/kmol) 

-72ks 0.0986 
730.4 kg 
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15-6 
15-15 Methane is burned with air. The mass flow rates at the two inlets are to be determined. 
Properties The molar masses of CH4, O2, N2, CO, and H,O are 16, 32, 28, 44, and 18 kg/kmol, respectively (Table A-1). 
Analysis The stoichiometric combustion equation of CH, is 


CH, +ay,[0, +3.76N , |——> CO, +2H,0+3.76a,,N CH, 


Products 
O, balance: ap =1+1—> ay, =2 Ait 


Substituting, CH, +2[0, +3.76N,|—> CO, +2H,0+7.52N, 
The masses of the reactants are 


Mçcy4 = Ncy4M cpg = (1 kmol)(16kg/kmol) = 16 kg 
Myo = Ny2M yo = (2 x 3.76 kmol)(28 kg/kmol) = 211 kg 


The total mass is 
Miotal = McyHa +Mo2 + Nyy =16+64+211= 291kg 


Then the mass fractions are 


mf cya = ee eke _ 9.95498 
Miotal 291kg 
4k 
Le LE Ds 
Miotal 291kg 
nioa ni AE a 


Miotal 291 kg 


For a mixture flow of 0.5 kg/s, the mass flow rates of the reactants are 


Moy4 = Mfcy4 m = (0.05498)(0.5 kg/s) = 0.02749 kg/s 
Mir = M — cya = 0.5 — 0.02749 = 0.4725 kg/s 


15-16 n-Butane is burned with stoichiometric amount of oxygen. The mole fractions of CO, water in the products and the 
mole number of CO; in the products per mole of fuel burned are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO, and HO. 3 Combustion gases are ideal 
gases. 


Properties The molar masses of C, H,, and O, are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-1). 


Analysis The combustion equation in this case is 


C4Hyo +6.50, —>4CO, +5H,0 


The total mole of the products are 4+5 = 9 kmol. Then the mole fractions are Combustion Products 
N 4 kmol chamber 
Yeo) = -P = 0.4444 
N ota 9 kmol 
N 
Jepa o = SOL 9 5656 


Neo 9 kmol 
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15-7 


15-17 Propane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water and air per 
unit mass of fuel burned are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 


Properties The molar masses of C, H, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis The reaction equation for 100% theoretical air is 
C3H¢ 


C3Hg +a,,[0, +3.76N, |—> BCO, + DH,0+ EN, Combustion | Products 


where ay is the stoichiometric coefficient for air. The coefficient am chamber 
and other coefficients are to be determined from the mass balances 100% 

Carbon balance: B=3 theoretical 

Hydrogen balance: 2D =8—~ > D=4 

Oxygen balance: 2am =2B+D >dy =0.5(2x3+4)=5 

Nitrogen balance: Ay, X 3.76 = E—> E =5 x3.76 =18.8 


Substituting, the balanced reaction equation is 
C,H; + 5[0, +3.76N, |—>3 CO, + 44H,0 +18.8N, 


The mass of each product and the total mass are 
Mpo = NypoM mo = (4 kmol)(18 kg/kmol) = 72 kg 
Myo = NyoM no = (18.8 kmol)(28 kg/kmol) = 526.4 kg 
Miotal =Mco2 + Mpo + My2 = 132+ 72 + 526.4 = 730.4 kg 


Then the mass fractions are 


132k 

mfoo, = coe = 132 KE _ 9.1807 
Mota  730.4kg 

mf yoo = 120 = 2 *8_ _ 9.0986 
Miotal 730.4 kg 

mfyy = Nz. = 526.4 k8 _ 9.7207 


Mota 730.4kg 


The mass of water per unit mass of fuel burned is 


Mmo _ (4x18) kg _ 1.636 kg H,O/kg C3Hg 
Mco3yg (1x 44) kg 


The mass of air required per unit mass of fuel burned is 


Mair = (5 x 4.76 x 29) kg = 15.69 kg airlkg C3H, 
Hess (1x 44) kg 
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15-18 n-Octane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water in the 


products and the mass fraction of each reactant are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 


Properties The molar masses of C, H>, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 


(Table A-1). 
Analysis The reaction equation for 100% theoretical air is 
CgHig + ap [O3 + 3.76N,|——> BCO, + DH,0+ EN, 


where ay is the stoichiometric coefficient for air. The coefficient am 
and other coefficients are to be determined from the mass balances 


Carbon balance: B=8 


Hydrogen balance: 2D = 18——> D=9 
Oxygen balance: 2ay, =2B+D >d =0.5(2x84+9)=12.5 
Nitrogen balance: Ay, X 3.76 = E— > E =12.5x3.76=47 


Substituting, the balanced reaction equation is 
CgHjs +12.5[0, +3.76N, ]|—>8 CO, +9H,0 +47N, 


The mass of each product and the total mass are 


Mcor = NcozM coz = (8 kmol)(44 kg/kmol) = 352 kg 
Mmo = NyoM mo = (9 kmol)(18 kg/kmol) = 162 kg 

My2 = NyoM no = (47 kmol)(28 kg/kmol) = 1316 kg 
Miotal =Mco2 + My2 + Myo = 352 + 162 + 1316 = 1830 kg 


Then the mass fractions are 


mcoz _ 352k8 _ 9 4993 


mf, 
CO? Mota 1830kg 
mf yoo =o -162ks -0.0885 
Miotaa 1830 kg 
fate, a 2 Ieke 0 749% 


Mota 1830kg 
The mass of water per unit mass of fuel burned is 


Myo _ (9x18) kg 
Meguig (1x114) kg 


The mass of each reactant and the total mass are 


Meenig = NesyigM cepig = (1 kmol)(1 14 kg/kmol) =114 kg 
Mair = Nair M air = (12.5 x 4.76 kmol)(29 kg/kmol) = 1725.5 kg 
Meotal = Mcguig + Mair =1144+1725.5 =1839.5 kg 


Then the mass fractions of reactants are 


Mcguig _ 114kg 


= = 0.0620 
Mica,  1839.5kg 


mfcguig = 


_ Mar _ 1725.5kg -0.9380 
Miota 1839.5 kg 


mf. 


air 


C,H 10 
Products 


Combustion 

chamber 
100% 
theoretical 
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15-8 


15-9 


15-19 Acetylene is burned with 10 percent excess oxygen. The mass fractions of each of the products and the mass of 
oxygen used per unit mass of fuel burned are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and O,. 3 Combustion gases are 
ideal gases. 


Properties The molar masses of C, H2, and O; are 12 kg/kmol, 2 kg/kmol, and 32 kg/kmol, respectively (Table A-1). 


Analysis The stoichiometric combustion equation is 


C,H, +2.50, —»2CO, +H,0 C2H2 
. Products 
i ; : : Combustion 
0 
The combustion equation with 10% excess oxygen is © cliambet 
— 


C,H, +2.750, —> 2CO, +H,0+0.250, 


The mass of each product and the total mass are 
Moz = No2M gp = (0.25 kmol)(32 kg/kmol) = 8 kg 


Motl = Mcoz +t Mmo + Mon =88+18+8=114kg 


Then the mass fractions are 


miga coz. = 88k8 _ 9.7719 
M total 114 kg 

migo- eo Ake _ 9.1579 
M total 114 kg 

mfo = oe = 8*8__ 9.0702 


Meotal 114 kg 


The mass of oxygen per unit mass of fuel burned is determined from 


Mor _ 2.75%32) k8 _ 3 385 kg O,/kg C,H, 
Mcon2 (1x26) kg 
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15-10 


15-20 n-Butane is burned with 100 percent excess air. The mole fractions of each of the products, the mass of carbon 
dioxide in the products per unit mass of the fuel, and the air-fuel ratio are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 


Properties The molar masses of C, H>, O., and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis The combustion equation in this case can be written as 
C4Hyj + 2.0a,, [O +3.76N ,]|—> 4CO, + 5H,0 +1.0ay,0 + (2.0 3.76)ay, N3 


where a, is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2.0a,, instead of an for air. The stoichiometric amount of oxygen (amO2) will be used to oxidize the fuel, and the 
remaining excess amount (1.0a4,02) will appear in the products as free oxygen. The coefficient am is determined from the O, 
balance, 


O; balance: 2.040, =4+2.5+1.0ay, — ay =6.5 


Substituting, C,H; + 13[0, +3.76N,|——> 4CO,, + 5H,0 +6.50, + 48.88N, 


The mole fractions of the products are 


N =44+5+6.5+ 48.88 = 64.38 kmol Cathie 
Products 


N i 
yoe 0 4kmol 0.0621 Air 
Nm  64.38kmol 


N 
a See iy 9 
Nm 64.38 kmol 


No 6.5 kmol 


100% excess 


= - = 0.1010 
700 64.38kmol 
N 
Yup -Nn - 48:88kmol _ 07592 
N,,  64.38kmol 


m 


The mass of carbon dioxide in the products per unit mass of fuel burned is 


Moor _ 4x44) ks _ 3 934 kg CO,Ikg CHo 
Mco (1x58) kg 


The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


Tatr 2 Oe Te ee ane) 
M fuel (1 kmol)(58 kg/kmol) 


AF= = 30.94 kg air/kg fuel 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-11 


15-21 n-Octane is burned with 50 percent excess air. The mole fractions of each of the products, the mass of water in the 
products per unit mass of the fuel, and the mass fraction of each reactant are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O, and N, only. 


Properties The molar masses of C, H>, O,, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis The combustion equation in this case can be written as 
CgHyg +1.5ay, [O3 +3.76N, ]|—> 8CO,, +9H,0 +0.54 pO, + (1.5 x 3.76)a,,N> 


where a, is the stoichiometric coefficient for air. We have automatically accounted for the 50% excess air by using the 
factor 1.5am instead of apn for air. The stoichiometric amount of oxygen (amO2) will be used to oxidize the fuel, and the 


remaining excess amount (0.5a,,O2) will appear in the products as free oxygen. The coefficient am is determined from the Oz 
balance, 


O; balance: 1.5ay, =8+4.5+0.5ay, —— ay =12.5 


Substituting,  CgH,g +18.75[0, +3.76N, |—»8CO, +9H,0 + 6.250, +70.5N, 


The mass of each product and the total mass are a 
siig 


Mmo = NmoM mo = (9 kmol)(18 kg/kmol) = 162 kg Air 
Moz = No2M o2 = (6.25 kmol)(32 kg/kmol) = 200 kg 
My2 = Nya M w = (70.5 kmol)(28 kg/kmol) =1974 kg 

Meotal = Mcoz + Mpo + Moz + My2 = 352 +162 + 200 +1974 = 2688 kg 


Products 


50% excess 


Then the mass fractions are 


mfoo, = 7002 -252kg _ 9.1310 
Miotal 2688 kg 
migo on 1678 _ 9.0603 
Miotal 2688 kg 
mig oze 00E _ 9.0744 
moa 2688k 
mfy = = 197A KS _ 9.7344 
Mota 2688 kg 


The mass of water per unit mass of fuel burned is 


Mmo _ (9x18)kg 
Megnig (1x114) kg 


= 1.421kg H,Olkg CHy, 


The mass of each reactant and the total mass are 


Mesnis = NcsnısM cenig = (1 kmol)(1 14 kg/kmol) = 114 kg 
Mair = NairM air = (17.75 x 4.76 kmol)(29 kg/kmol) = 2588 kg 
M total = MceegyH18 + Mair = 114 + 2588 = 2702 kg 


Then the mass fractions of reactants are 


_ Megnig _ 114kg 
Mota 2702 kg 


=0.0422 


mfcgrig 


aoe Mair _ 2588 kg _ 0.9578 
Mita 2702kg 
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15-12 


15-22 Ethyl alcohol is burned with 70% excess air. The mole fractions of the products and the reactants, the mass of water 
and oxygen in products per unit mass of fuel are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H20, O., and N, only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis The reaction with stoichiometric air is 


C,H;OH + a,,[0, +3.76N, |—> 2CO,, +3H,0 + ay, x 3.76 N3 


H;OH 
where 0.5+a,, =2+1.5——>a,, =3 ed 


CO», H,0, 


Air O», N; 


Substituting, 


70% excess 
C,H5OH +3[0, +3.76N, |——>2 CO, +3H,0+3x3.76N, 


The reaction with 70% excess air can be written as 
C,H;OH +1.7x3[0, +3.76N,|——>2CO, +3H,0+x0O, +1.7x3x3.76N, 
The coefficient x is determined from O; balance: 
0.541.7x3=24+1.5+x—>x=2.1 
Then, C,H;OH+ 5.1[0, +3.76N,|——>2CO, +3H,0+2.10, +19.18N, 
The total moles of the products is 
Nm =2+34+2.14+19.18 = 26.28 kmol 
The mole fractions of the products are 
Neo. _  2kmol 


Nm  26.28kmol 


Ying <0. = MO __ 9.1142 
mO N,  26.28kmol 


N : 

Yo = o2 _ 2.1 kmol -0.0799 
Nm 26.28 kmol 
Nyp _ 19.18 kmol 


N.. 26.28kmol 


m 


Yco2 = =0.0761 


=0.7298 


Yn2 = 


The total moles of the reactants is 


N „n =14+5.1x 4.76 = 25.28 kmol 
The mole fractions of the reactants are 


N coHsoH 1 kmol 
7 a = 0.0396 
Y C2HSOH N, 25.28 kmol 


Na (5.1x4. 
y, = Nar _ 61x470 kmol _ 9 9603 
Nn 25.28 kmol 


The mass of water and oxygen in the products per unit mass of fuel burned is 


Mmo _ G18) k8 _4 474 kgH,O/kg C,H,OH 
Monson (1x 46) kg 


Moo _ _ @.1x32) k8 _4 461kg O,/kg C,H,OH 
MooHson = (1x 46) kg 
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15-13 
15-23 Ethyl alcohol is burned with 70% excess air. The air-fuel ratio is to be determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain CO2, CO, H20, O., and N, only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis The reaction with stoichiometric air is 


C,H;OH + a,,[0, +3.76N, |—>2 CO, +3H,0 + ay, x3.76N> 


where C,H;0H 
CO, H2O 
0.5+a, =24+1.5 >a, =3 i 2a TA 
th th Air O», N> 
Substituting, 70% excess 


C,H5OH +3[0, +3.76N,|——>2 CO, +3H,0+3x3.76N, 
The reaction with 70% excess air can be written as 

C,H;,OH+1.7x3[0, +3.76N,|——>2CO, +3H,0+x0O, +1.7x3x3.76N, 
The coefficient x is determined from O, balance: 


0.5+1.7x3=2+1.5 + x—— x =2.1 


Then, 
C,H,OH + 5.10, +3.76N,, ]|—>2CO, +3H,0+2.10, +19.18N, 


The air-fuel mass ratio is 


Ap = air _ 6.14.76 x29) kg _ 704.08 _ 15 30 kg airikg fuel 
Mpa (1x 46) kg 46 kg 


15-24 Gasoline is burned steadily with air in a jet engine. The AF ratio is given. The percentage of excess air used is to be 
determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only. 
Properties The molar masses of C, Ho, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1). 


Analysis The theoretical combustion equation in this case can be written as . 
Gasoline 


CgHig + anlO; +3.76N, |—> 8CO,, + 9H,0 +3.76a,,N> Jet engine | Products 


(CgHis) 
where dip is the stoichiometric coefficient for air. It is determined from 
—> 
O balance: dy, =8+45 — ay =125 Air 


The air-fuel ratio for the theoretical reaction is determined by taking the ratio of the mass of the air to the mass of the fuel 
for, 


Mair 12.5x 4.76 kmol X29 kg/kmol . 
AF, = t ( = mol} a) ol) =15.14 kg air/kg fuel 


Me (8 kmol\12 kg/kmol)+ (9 kmol\2 kg/kmol) 


Then the percent theoretical air used can be determined from 


AFat 18 kg air/kg fuel 
AF p 15.14 kg air/kg fuel 


Percent theoretical air = =119% 
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15-14 


15-25E Ethylene is burned with 175 percent theoretical air during a combustion process. The AF ratio and the dew-point 
temperature of the products are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 3 Combustion 
gases are ideal gases. 


Properties The molar masses of C, H, and air are 12 Ibm/Ibmol, 2 lbm/lbmol, and 29 lbm/Ibmol, respectively (Table A- 
1E). 


Analysis (a) The combustion equation in this case can be written as 
C,H, +1.75a p [O3 +3.76N , |—2CO, + 2H 0 + 0.75a,,0 7 +(1.75x3.76)ay,N> 


where ay is the stoichiometric coefficient for air. It is determined 


from C2H4 

Products 
O; balance: 1.75ay, =2+1+0.75ay, —— ap =3 175% 
Substituting, theoretical air 


C,H, +5.25[0, +3.76N, |——> 2CO, + 2H,0 + 2.250, +19.74N, 
The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


ein (5.25x 4.76 Ibmo1\(29 Ibm/Ibmol) EIEE E PN E 
Mei (2 Ibmol\(12 Ibm/Ibmol)+ (2 Ibmol2 Ibm/Ibmol) 


(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N 2 Ibmol 
p, =| |P oa = Peer eso aie oes 
N prod 25.99 Ibmol 


Thus, 
Tap = Tat @1.116 psia 7 105.4°F 
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15-15 


15-26 Propylene is burned with 50 percent excess air during a combustion process. The AF ratio and the temperature at 
which the water vapor in the products will start condensing are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 3 Combustion 
gases are ideal gases. 


Properties The molar masses of C, H», and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1). 


Analysis (a) The combustion equation in this case can be written as 
C3H, +1.5a p [O +3.76N, | —>3CO, +3H,0+0.5a,,07 + (1.5x3.76)ay,N> 


where ay is the stoichiometric coefficient for air. It is determined from 
Products 
C3H¢ 
O; balance: 15ay, =3+15+05a,, — ay=45 


ò : 
Substituting, 50% excess air 


C3H, + 6.75[0, + 3.76N,] ——> 3CO, +3H,0 + 2.250, + 25.38N, 


The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


ages. (6.75x 4.76 kmol)(29 kg/kmol) 


Meet (3 kmol)(12 kg/kmol)+(3 kmol\2 kg/kmol) 


= 22.2 kg air/kg fuel 


(b) The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N kmol 
p, =| <> |p, =| ~"°_ |105 ka) = 9.367 kPa 
ned 33.63 kmol 


Thus, 


Tap = Tsat@9.367 kPa = 445°C 
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15-16 


15-27 Butane C4Hjo is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the 
combustion chamber per kmol of fuel is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, Op, and N, only. 


Properties The molar masses of C, H>, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis The reaction equation for 200% theoretical air without the additional water is 
C,H yo + 2ay, [0 +3.76N , |— BCO, +D H,0+ EO, + FN, 


where ap is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the 
factor 2a,, instead of a,, for air. The coefficient am and other coefficients are to be determined from the mass balances 


Carbon balance: B=4 


: C4H io 
Hydrogen balance: 2D =10—> D=5 
Products 
Oxygen balance: 2x 2a, =2B+D+2E Air 
iene 200% 
ia theoretical 
Nitrogen balance: 2d, X3.76=F 


Solving the above equations, we find the coefficients (E = 6.5, F = 48.88, and an = 6.5) and write the balanced reaction 
equation as 


C4H jo +13[0, +3.76N, |—>4 CO, +5H,0+6.50, +48.88N, 
With the additional water sprayed into the combustion chamber, the balanced reaction equation is 


CH jo +13[0, +3.76N » |+ N, H,O—>4CO, +(5+N,)H,0+6.50, +48.88N, 
The partial pressure of water in the saturated product mixture at the dew point is 


P P nasoc = 19.95 kPa 


v,prod T £s 
The vapor mole fraction is 


P 
Vy = v,prod _ 19.95 kPa = 0.1995 
P 100 kPa 


prod 


The amount of water that needs to be sprayed into the combustion chamber can be determined from 


z N water >0.1995 = 
Ieee 


5+N, 
4+5+N,+6.5+48.88 


> N, =9.796 kmol 


total,product 
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15-17 


15-28 A fuel mixture of 60% by mass methane, CH4, and 40% by mass ethanol, CHO, is burned completely with 
theoretical air. The required flow rate of air is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only. 


Properties The molar masses of C, H>, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis For 100 kg of fuel mixture, the mole numbers are 


60% CH, 
f 
Noras 7 CHA T ke 753.75 kmol 40% C-H;O 
Cng ee Products 
f. Air 
Nongo ica. = Me _ 0. g606 kmol 
Mco 46kg/kmol 100% theoretical 


The mole fraction of methane and ethanol in the fuel mixture are 


N 
ys CH4 E 3.75 kmol =0.8118 
N ; 
_ C2H60 _ 0.8696 kmol ~ 0.1882 


The combustion equation in this case can be written as 
x CH, + yC,H,O+ay,[0, +3.76N, | BCO, +D H,0+F N, 


where ay is the stoichiometric coefficient for air. The coefficient a,, and other coefficients are to be determined from the 
mass balances 


Carbon balance: x+2y=B 
Hydrogen balance: 4x+6y=2D 
Oxygen balance: 2a, +y=2B+D 
Nitrogen balance: 3.76d,, =F 


Substituting x and y values into the equations and solving, we find the coefficients as 


x= 0.8118 B=1.188 
y = 0.1882 D=2.188 
dj, = 2.188 F =8.228 


Then, we write the balanced reaction equation as 
0.8118 CH, + 0.1882 C,H,O + 2.188 [o, + 3.76N , | 1.188 CO, +2.188H,0+8.228N, 


The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


AR = Tai (2.188 x 4.76 kmol)(29 kg/kmol) 
Mee (0.8118 kmol)(12 + 4 x 1)kg/kmol + (0.1882 kmol)(2 x 12 + 6x 1+ 16)kg/kmol 


=13.94kg air/kg fuel 


Then, the required flow rate of air becomes 


Ma = AF ring = (13.94)(10 kg/s) = 139.4 kg/s 
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15-18 


15-29 The volumetric fractions of the constituents of a certain natural gas are given. The AF ratio is to be determined if this 
gas is burned with the stoichiometric amount of dry air. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only. 


Properties The molar masses of C, H2, N2, O2, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis Considering | kmol of fuel, the combustion equation can be written as 
(0.65CH, + 0.08H, +0.18N, +0.030, +0.06CO,)+a,,(O, +3.76N,)—— xCO, + yH,0+2zN, 
The unknown coefficients in the above equation are determined from mass balances, 


C: 0.65 + 0.06 =x — x= 0.71 
H: 0.65x4+0.08x2=2y ——>y=1.38 Natural gas 


Combustion| Products 


O,: 0.03+0.06+ a, =x+y/2 — ay =131 chamber 


i _ = 
N,: 0.18 +3.76a,, =z ——z =5.106 Dry air 


Thus, 
(0.65CH, + 0.08H, + 0.18N, + 0.030, + 0.06CO,) + 131(0, +3.76N,) 
—— 0.71CO, +138H,0+5.106N, 
The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 
Mai, = (1.31 x 4.76 kmol)(29 kg/kmol) = 180.8 kg 
Merely = (0.65 x16+0.08x2+0.18x 28 + 0.03 x32+0.06x 44)kg =19.2 kg 


and 


M air, th E 180.8 kg 


AFy, = = 
a ma  19.2kg 


=9.42 kg air/kg fuel 
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15-19 


15-30 The composition of a certain natural gas is given. The gas is burned with stoichiometric amount of moist air. The AF 
ratio is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N, only. 


Properties The molar masses of C, H2, N2, O2, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, 32 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H20, 
CO), and Nb, but no free O2. The moisture in the air does not react with anything; it simply shows up as additional HO in 
the products. Therefore, we can simply balance the combustion equation using dry air, and then add the moisture to both 
sides of the equation. Considering 1 kmol of fuel, the combustion equation can be written as 


(0.65CH, + 0.08H, +0.18N, + 0.030, + 0.06CO,)+ ay,(O7+3.76N,) ——> xCO,+yH,0+zN, 
The unknown coefficients in the above equation are determined from mass balances, 


C: 0.65+0.06 =x >x=0.71 
H: 0.65x4+0.08x2=2y ——>y=1.38 


Natural gas 


Combustion} Products 
O,: 0.03+0.06+a,, =xt+y/2 — >a, =1.31 chamber 
—_—> 
N, : 0.18+3.76a,, =z —>z=5.106 Moist 
Thus, 
(0.65CH, + 0.08H, + 0.18N, + 0.030, +0.06CO,) + 131(0, +3.76N,) 
——» 07ICO, +138H,0 +5106N, 


Next we determine the amount of moisture that accompanies 4.76am = (4.76)(1.31) = 6.24 kmol of dry air. The partial 
pressure of the moisture in the air is 


P, in = Prix Parazsoc = (0-85)(3.1698 kPa) = 2.694 kPa 


Assuming ideal gas behavior, the number of moles of the moisture in the air (N,, in) is determined to be 


Py i 2.694 kP 
Ny in -( -= Jos -( (6.244 Nv in ) <=? Ny air = 0.17 kmol 


Pa 101.325 kPa 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.17 kmol of 
H,0 to both sides of the equation, 
(0.65CH, + 0.08H, + 0.18N, + 0.030, + 0.06CO,) + 131(0, + 3.76N,) + 017H,O 
——  071CO, +155H,0+5106N, 
The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 
Mai, = (1.31 4.76 kmol\29 kg/kmol)+ (0.17 kmol x 18 kg/kmol) = 183.9 kg 
Merely = (0.65 x16+0.08x2+0.18x28+0.03 x 32 + 0.06 x 44)kg =19.2 kg 


and 


Mair th 183 kg 


AF 
t maa  19.2kg 


= 9.58 kg air/kg fuel 
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15-20 


15-31 The composition of a gaseous fuel is given. It is burned with 130 percent theoretical air. The AF ratio and the fraction 
of water vapor that would condense if the product gases were cooled are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H20, O», and N, only. 


Properties The molar masses of C, H2, N>, and air are 12 kg/kmol, 2 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis (a) The fuel is burned completely with excess air, and thus the products will contain HO, CO2, N2, and some free 
O2. Considering | kmol of fuel, the combustion equation can be written as 


(0.45CH, + 0.35H, + 0.20N,)+1.3ay,(O7 +3.76N 7) —— xCO, + yH,0 + 0.3a,4,0, + ZN 
The unknown coefficients in the above equation are determined from mass balances, 


C: 0.45=x —— x =0.45 
H: 0.45x4+0.35x2=2y —>y=1.2 


Gaseous fuel 


Combustion | Products 
O, : 1.34y =x+ y/2+0.3ay dy =1.05 Airt charaber 


N,: 0.204+3.76x1.3ay, =z —>z=5.332 30% excess 


Thus, 
(0.45CH, +0.35H, +0.20N,)+1.365(0, +3.76N ,) ——0.45CO, +1.2H,0+0.3150, +5.332N, 


The air-fuel ratio for the this reaction is determined by taking the ratio of the mass of the air to the mass of the fuel, 


Mai, = (1.365 4.76 kmol\(29 kg/kmol) = 188.4 kg 
Mpe = (0.45 x16 + 0.35 24 0.2 28)kg = 13.5 kg 


and 


Apa ai _ 188.4 kg 
Me 13.5 kg 


= 13.96 kg air/kg fuel 


(b) For each kmol of fuel burned, 0.45 + 1.2 + 0.315 + 5.332 = 7.297 kmol of products are formed, including 1.2 kmol of 
H20. Assuming that the dew-point temperature of the products is above 25°C, some of the water vapor will condense as the 
products are cooled to 25°C. If Ny kmol of H2O condenses, there will be 1.2 - Ny kmol of water vapor left in the products. 
The mole number of the products in the gas phase will also decrease to 7.297 — N,, as a result. Treating the product gases 
(including the remaining water vapor) as ideal gases, N,, is determined by equating the mole fraction of the water vapor to 
its pressure fraction, 


N, P, 1.2-N, _ 3.1698 kPa 
N 7.297-N,, 101.325 kPa 


—> N, =1.003 kmol 


prod,gas P, prod 


since Py = Psat @2s°c = 3.1698 kPa. Thus the fraction of water vapor that condenses is 1.003/1.2 = 0.836 or 84%. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-21 


EES 
15-32 Problem 15-31 is reconsidered. The effects of varying the percentages of CH4, H2 and N2 making up the fuel 
and the product gas temperature are to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


Let's modify this problem to include the fuels butane, ethane, methane, and propane in 
pull down menu. Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: aCxHy+bH2+cN2 + (a*y/4 + a*x+b/2) (Theo_air/100) (O2 + 3.76 N2) 

<--> a*xCO2 + ((a*y/2)+b) H2O + (c+3.76 (a*y/4 + a*x+b/2) (Theo_air/100)) N2 + (a*y/4 + a*x+b/2) 
(Theo_air/100 - 1) O2 


T_prod is the product gas temperature. 

Theo_air is the % theoretical air. " 

Procedure 
H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H2O_vap,Moles_H2O_liq,Result$) 
P_v = Moles_H2O0/(M_other+Moles_H20O)*P_prod 

T_DewPoint = temperature(steam,P=P_v,x=0) 

IF T_DewPoint <= T_prod then 

Moles _H2O0_vap = Moles _H2O0 

Moles _H20O_liq=0 

Result$='No condensation occurred’ 

ELSE 

Pv_new=pressure(steam, T=T_prod,x=0) 
Moles_H2O0_vap=Pv_new/P_prod*M_other/(1-Pv_new/P_prod) 
Moles_H2O_ liq = Moles_H20 - Moles_H2O_vap 
Result$='There is condensation’ 

ENDIF 

END 


"Input data from the diagram window" 
{P_prod = 101.325 [kPa] 

Theo_air = 130 "[%]" 

a=0.45 

b=0.35 

c=0.20 

T_prod = 25 [C]} 

Fuel$='CH4' 

x=1 

y=4 


"Composition of Product gases:" 

A_th = a’*y/4 +a* x+b/2 

AF_ratio = 4.76*A_th*Theo_air/100*molarmass(Air)/(a*16+b*2+c*28) "[kg_air/kg_fuel]" 
Moles_O2=(a*y/4 +a* x+b/2) *(Theo_air/100 - 1) 

Moles_N2=c+(3.76*(a*y/4 + a*x+b/2))* (Theo_air/100) 

Moles CO2=a*x 

Moles_H2O0=a*y/2+b 

M_other=Moles_O2+Moles_N2+Moles_CO2 

Call H20Cond(P_prod,T_prod,Moles_H20,M_other:T_DewPoint,Moles_H2O_vap,Moles_H2O_liq,Result$) 
Frac_cond = Moles_H2O_liq/Moles_H2O*Convert(, %) "[%]" 

"Reaction: aCxHy+bH2+cN2 + A_th Theo_air/100 (O2 + 3.76 N2) 

<--> a*xCO2 + (a*y/2+b) H2O + (c+3.76 A_th Theo_air/100) N2 + A_th (Theo_air/100 - 1) O2" 
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AF ratio FraCcona Molesy20 iq Molesy20,vap Tprod 
[kgair/ kgrue] | [%] [C] 
14.27 95.67 1.196 0.05409 5 
14.27 93.16 1.165 0.08549 11.67 
14.27 89.42 1.118 0.1323 18.33 
14.27 83.92 1.049 0.201 25 
14.27 75.94 0.9492 0.3008 31.67 
14.27 64.44 0.8055 0.4445 38.33 
14.27 47.92 0.599 0.651 45 
14.27 24.06 0.3008 0.9492 51.67 
14.27 0 0 1.25 58.33 
14.27 0 0 1.25 65 
14.27 0 0 1.25 71.67 
14.27 0 0 1.25 78.33 
14.27 0 0 1.25 85 

1.4 T T T T T T T T T T T 

1.2 Ł 
TL 

0.8 H 

0.6 H 

0.4} 

| Dew Point 

0.2} 

0 
(0) 


15-22 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


15-23 


15-33 Carbon is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of 
theoretical air used are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, O, and N, only. 
Properties The molar masses of C, H, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 


xC +a[O, +3.76N , |» 10.06CO,, + 0.42CO +10.690, +78.83N 


The unknown coefficients x and a are determined from mass balances, 


N,: 3.76a = 78.83  —>a=20.965 Carbon 
. Combustion} Products 
C: x=10.06+0.42 M—>x=10.48 Taa 
(CheckO, : a=10.06+0.21+10.69 —— 20.96 = 20.96) — 
Dry air 


Thus, 
10.48C + 20.96[0, + 3.76N > | —— 10.06CO, + 042CO + 10.690, + 7883N, 
The combustion equation for 1 kmol of fuel is obtained by dividing the above equation by 10.48, 
C+2.0[0, +3.76N,] ——> 0.96CO, + 0.04CO + 1.020, + 7.52N, 


(a) The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


~  (2.0x4.76 kmol\29 kg/kmol 
AF- Mair pA ( 0x4.76 kmo K 9 g/ 9 ) = 23.0 kg air/kg fuel 
M incl (I kmol (12 kg/kmol) 


(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


C+ [O, +3.76N,] ——> CO, +3.76N, 
Then, 


Mair act = N air act 2 (2.04.76) kmol 
Mairin Namm (1.04.76) kmol 


Percent theoretical air = = 200% 
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15-24 


15-34 Methane is burned with dry air. The volumetric analysis of the products is given. The AF ratio and the percentage of 
theoretical air used are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H20, O2, and N, only. 
Properties The molar masses of C, H, and air are 12 kg/kmol, 2 kg/kmol, and 29 kg/kmol, respectively (Table A-1). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 


xCH, + a[O, +3.76N,] ——> 5.20CO, + 0.33CO + 11.240, + 83.23N, + bH,O 


The unknown coefficients x, a, and b are determined from mass balances, 


CH, 
N, : 3.76a = 83.23 — > a= 22.14 Combustion] Products 
C: x=5.20+0.33  —>x=5.53 chamber 

— 
H: 4x=2b ——>b=11.06 Dry air 


(Check O, : a=5.20+0.165+11.24+b/2 ——> 22.14 = 22.14) 
Thus, 

5.53CH, + 22.14[0, + 3.76N > | — > 520CO, + 0.33CO + 11.240, + 83.23N, + 11.06H,O 
The combustion equation for | kmol of fuel is obtained by dividing the above equation by 5.53, 

CH, + 4.0[0, + 3.76N | —— 0.94CO, +0.06CO + 2.030, +15.05N,+2H,O 


(a) The air-fuel ratio is determined from its definition, 
m 


Apa Pair _ (4.0x 4.76 kmol)(29 kg/kmol) 
Met (1 kmol\(12 kg/kmol)+ (2 kmol\2 kg/kmol) 


= 34.5 kg air/kg fuel 
(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


CH, +44,[0, +3.76N,] —> CO, +2H,0+3.76a,,N, 


O,: ath =1+1 > Ay, = 2.0 


Then, 


Mair act z N air act EA (4.04.76) kmol 
Mairin Nairn (2-04.76) kmol 


Percent theoretical air = = 200% 
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15-25 


15-35 n-Octane is burned with 100% excess air. The combustion is incomplete. The mole fractions of products and the dew- 
point temperature of the water vapor in the products are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H20, O2, and N, only. 


Properties The molar masses of C, H2, O2, N; and air are 12 
kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 


r CsHiıg 
respectively (Table A-1). 


Combustion} Products 
Analysis The combustion reaction for stoichiometric air is Air chamber 


CH;g +12.5[0, +3.76N, |——>8CO, +9H,0+(12.5x3.76)N; 100% excess L>——“"™ 
The combustion equation with 100% excess air and incomplete combustion is 
CH g +2x12.5[0, +3.76N, | — (0.858) CO, + (0.15x8) CO +9H 0+ x Oy +(212.5x3.76) N> 
The coefficient for CO is determined from a mass balance, 
O; balance: 25=0.85x8+0.5x0.15x8+0.5x9+x—> x=13.1 
Substituting, 
CgHyg + 25[0, +3.76N , |—> 6.8 CO, +1.2CO+9H,0+13.10, +94N, 
The mole fractions of the products are 


N prod = 6841.2 +9+13.14+94 = 124.1 kmol 


_ Neo 6.8 kmol 


= = 0.0548 
C02 = W ea 124.1 kmol 
N 
ee = co = 1.2 kmol = 0.0097 
N prod 124.1 kmol 
N 
Ymo = 2 = _2kmol _ 0.0725 
N piod 124.1 kmol 
N . 
Yoz = o2 _ 13 lkmol _ 0.1056 
N vod 124.1 kmol 
N 
is no _ 94kmol _ 0.7575 
N prod 124.1 kmol 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N 
P, -( v J -( zee Joo1.s2s kPa) = 7.348 kPa 


Nirod 124.1 kmol 


Thus, 
Tap = Tyat@7348 kPa = 39.9°C (Table A-5 or EES) 
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15-26 


15-36 Methyl alcohol is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to 
be written and the air-fuel ratio is to be determined. 


Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO, CO, H20, O,, and N, only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis The balanced reaction equation for stoichiometric air is 


CH,OH + ap [O +3.76N, |-—> CO, +2H,0 + ay, x3.76N, 


CHOH 
The stoicihiometric coefficient am is determined from an O, balance: : 
Air CO;, CO 


0.5+ ay, =1+1—> ap =1.5 H20, O>, N2 
100% excess 
Substituting, 
CH,OH +1.5[0, +3.76N, |——> CO, + 2H,0 +1.5x3.76N, 
The reaction with 100% excess air and incomplete combustion can be written as 
CHOH + 2x 1.5[0, + 3.76N , |—> 0.60 CO, +0.40CO0+2H,0+x0,+2x1.5x3.76N, 
The coefficient for O, is determined from a mass balance, 
O; balance: 0.54+2x1.5=0.6+0.2 +14+ x—>x=1.7 
Substituting, 
CH,0H + 3[0, +3.76N,, |—> 0.6 CO, + 0.4CO +2 H,O +1.70, +11.28N, 


The air-fuel mass ratio is 


Ape tate AOS AMAR izgi kg airlkg fuel 
Miel (1x32)kg 32 kg 
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15-27 


15-37 Ethyl alcohol is burned with stoichiometric amount of air. The combustion is incomplete. The apparent molecular 
weight of the products is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, CO, H20, OH, and N, only. 


Properties The molar masses of C, H2, OH, N; and air are 12 kg/kmol, 2 kg/kmol, 17 kg/kmol, 28 kg/kmol, and 29 
kg/kmol, respectively (Table A-1). 


Analysis The reaction with stoichiometric air is 


C,H;OH + a,,[0, +3.76N,|—>2. CO, +3H,O + ay, x3.76 N3 


where C,H;OH 
Ai CO,, CO, O, 
0.5+ ap =2+1.5—> ap =3 i H,0, OH, N, 
100% theoretical 
Substituting, 


C,H;OH +30, +3.76N, |} > 2CO,, + 3H,0 +3 x3.76N, 
The balanced reaction equation with incomplete combustion is 


C,H,OH + 3[0, +3.76N, |» 2(0.90 CO, + 0.10 CO) +3(0.95H,0 + 0.10H) + bO, +3x3.76 N, 


O» balance: 0.5+3 = 1.8+0.14+3.15/2+b > b=0.025 


which can be written as 
C,H;0H+3[0, +3.76N ,|——>1.80CO, + 0.20 CO +2.85 H,O +0.3 OH + 0.0250, +11.28N, 


The total moles of the products is 


N m =1.8+0.2+2.85+0.3+0.025 +11.28 = 16.64 kmol 


The apparent molecular weight of the product gas is 


_ Mm _ (18x44 + 0.20% 28 + 2.85%18 + 0.3x17 + 0.025x32+11.28%28) kg _ 27 g3 kaiii 
N 16.64 kmol 


m 


M 


m 
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15-28 
15-38 Coal whose mass percentages are specified is burned with stoichiometric amount of air. The mass fractions of the 
products and the air-fuel ratio are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO, H20, SO, and N3. 3 Combustion gases 
are ideal gases. 


Properties The molar masses of C, H2, O2, S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


m 79.61 kg 
NaS CE = 6.634 kmol 
‘ Meço 12kg/kmol esata 
Pon 4.66% H3 
Np =- 2 = OS _ 233 kmol 4:1700 Oz 
My 2kg/kmol 1.83% N3 
0.52% S 
Nop =e = TSKE = 0.1488 kmol 8.62% ash 
02 8ixmo (by mass) 
1.83k 
Ny = UN? = 89 KS _ 9.06536 kmol 
My 28kg/kmol 
Ng = US = 08? 8 _ _ 9.01625 kmol = 
Ms  32kg/kmol COs, H20, 
Ash consists of the non-combustible matter in coal. Therefore, the Air SO, O2, N2 


mass of ash content that enters the combustion chamber is equal to the 
mass content that leaves. Disregarding this non-reacting component 
for simplicity, the combustion equation may be written as 


6.634C +2.33H,, + 0.14880, +0.06536N,, + 0.016258 +a,, (O, +3.76N,) ——> xCO,, + yH,0+zSO,, +wN, 


———qx» 
theoretical 


Performing mass balances for the constituents gives 

C balance: x = 6.634 

H, balance: y= 2.33 

Sbalance: z= 0.01625 

O, balance: 0.1488 +a =x+0.5y +z —> ap = 6.634 + 0.5(2.33) + 0.01625 -0.1488 = 7.667 

N, balance: w= 0.06536 +3.76a = 0.06536 + 3.76 x 7.667 = 28.89 
Substituting, the balanced combustion equation without the ash becomes 

6.634C + 2.33H, + 0.14880, + 0.06536N, + 0.01625S + 7.667(0, + 3.76N,) 

—— 6.634CO, + 2.33H,O + 0.01625SO, + 28.89N , 

The mass fractions of the products are 

Miotal = 6.634 x 44 + 2.33 x18 + 0.01625 x 64 + 228.89 x 28 =1144 kg 


Mco2 _ (6.634 x 44) kg -0.2552 


mf = 
CO2 ee 1144 kg 
mimo = 22 - 33x18) ke _ 6.0967 
Mmaa 1144kg 
af. -Mso _ (0.01625x64ks 0.00091 
cea ee 1144 kg 
Fy ed ny 
Mota 1144 kg 


The air-fuel mass ratio is then 
Mair (7.667 x 4.76 x 29) kg _ 1058kg 
Mee (6.63412 +2.33 x2 + 0.1488 x 32 + 0.06536 28+ 0.01625x32)kg 91.38 kg 


= 11.58 kg air/kg fuel 
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15-29 
15-39 Coal whose mass percentages are specified is burned with 40% excess air. The air-fuel ratio and the apparent 
molecular weight of the product gas are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO}, CO, H20, SO, and N3. 3 Combustion 
gases are ideal gases. 


Properties The molar masses of C, H2, O», S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


Nex mc _ 67.40kg -5.617 kmol 67.40% C 
Mc 12kg/kmol 5.31% H; 
15.11% O2 
Ny, = a E ol 1.44% N 
H2 2 
My 2kg/kmol 2.36% S 
0 
Nop _ Mo2 E 15.11kg = 0.4722 kmol 8.38% ash 
Mo, 32kg/kmol (by mass) 
Nog et IRS sna 
My 28kg/kmol Coal 
= Mg _ 2.36 kg = CO, H20, 
Ns Ms 32kg/kmol i Air SO», O2, N2 


: : 40% excess 
The mole number of the mixture and the mole fractions are 


N n =5.617 + 2.655 + 0.4722 + 0.05143 + 0.07375 = 8.869 kmol 


Ne _ 5.617 kmol 
Nm 8.869 kmol 

Np _ 2.655 kmol 
Na w, 8.869 kmol 


m 


Noz _ 0.4722 kmol 


Yo= = 0.6333 


= 0.2994 


= = 0.05323 
Yo = N, 8.869 kmol 
N : 
yn, = Naz = 0.05143 kmol _ 9 00580 
N n 8.869 kmol 
N 
yg = Ns. - 0.07375 kmol _ 9 00832 


N 8.869 kmol 


m 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.6333C + 0.2994H, + 0.053230, + 0.00580N, + 0.00832S + 1.4ay,(O, +3.76N>) 
—— xCO, + yH,0+ zSO, + kN, +mO, 


According to the species balances, 


C balance: x= 0.6333 

H, balance: y=0.2994 

S balance: z=0.00832 

O, balance: 

0.05323 + ay, =x+0.5y+z 

ap = 0.6333 + 0.5 x 0.2994 + 0.00832 — 0.05323 = 0.7381 

N, balance: k =0.00580 + 1.4 x 3.76a,, = 0.00580 + 1.4 x 3.76 x 0.7381=3.891 
m=0.4a,, =0.4x 0.7381 =0.2952 
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15-30 
Substituting, 
0.6333C + 0.2994H,, + 0.053230, + 0.00580N , + 0.00832S + 1.033(0, +3.76N>) 
—> 0.6333CO, + 0.2994H,O + 0.00832SO, +3.891N, + 0.29520, 


The total mass of the products is 


Mora] = 0.6333 x 44 + 0.2994 x 18 + 0.00832 x 64 + 3.891 x 28 + 0.2952 x 32 =152.2 kg 


The total mole number of the products is 


N m = 0.6333 + 0.2994 + 0.00832 + 3.891 + 0.2952 = 5.127 kmol 


The apparent molecular weight of the product gas is 


= Mm __152.2K8 | _99 68 kg/kmol 


"Nm 5.127 kmol 


The air-fuel mass ratio is then 


MELT (1.033x4.76x 29) kg 
Mael (0.6333x12+0.2994x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 
_142.6kg 
~ 10.33 kg 


= 13.80 kg air/kg fuel 
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15-31 


Enthalpy of Formation and Enthalpy of Combustion 


15-40C For combustion processes the enthalpy of reaction is referred to as the enthalpy of combustion, which represents 
the amount of heat released during a steady-flow combustion process. 


15-41C Enthalpy of formation is the enthalpy of a substance due to its chemical composition. The enthalpy of formation is 
related to elements or compounds whereas the enthalpy of combustion is related to a particular fuel. 


15-42C The heating value is called the higher heating value when the H,O in the products is in the liquid form, and it is 
called the lower heating value when the H,O in the products is in the vapor form. The heating value of a fuel is equal to the 
absolute value of the enthalpy of combustion of that fuel. 


15-43C If the combustion of a fuel results in a single compound, the enthalpy of formation of that compound is identical to 
the enthalpy of combustion of that fuel. 


15-44C Yes. 


15-45C No. The enthalpy of formation of N, is simply assigned a value of zero at the standard reference state for 
convenience. 


15-46C 1 kmol of H2. This is evident from the observation that when chemical bonds of H, are destroyed to form H,O a 
large amount of energy is released. 
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15-32 


15-47 The enthalpy of combustion of methane at a 25°C and 1 atm is to be determined using the data from Table A-26 and 
to be compared to the value listed in Table A-27. 


Assumptions The water in the products is in the liquid phase. 
Analysis The stoichiometric equation for this reaction is 


CH, +2[0, +3.76N,|——> CO, + 2H, O(¢)+ 7.52N, 


Both the reactants and the products are at the standard reference state of 25°C and 1 atm. Also, N, and O, are stable 
elements, and thus their enthalpy of formation is zero. Then the enthalpy of combustion of CH, becomes 


ho =Hp -Hp =% Nph;p -Š Ngh; pg = (Nh; Jeo, + (Nh; Jao - (Nh? ae 
Using h; values from Table A-26, 


he = (1 kmol\-393,520 kJ/kmol)+ (2 kmol)(-285,830 kJ/kmol) 
—(1 kmol)(— 74,850 kJ/kmol) 
= ~890,330 kJ (per kmol CH, ) 


The listed value in Table A-27 is -890,868 kJ/kmol, which is almost identical to the calculated value. Since the water in the 
products is assumed to be in the liquid phase, this h. value corresponds to the higher heating value of CH4. 
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15-33 


>) 
15-48 Problem 15-47 is reconsidered. The effect of temperature on the enthalpy of combustion is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Methane (CH4)' 

T_comb =25 [C] 

T_fuel = T_comb +273 "[K]" 

T_air1 = T_comb +273 "[K]" 

T_prod =T_comb +273 "[K]" 

h_bar_comb_TableA27 = -890360 [kJ/kmol] 

"For theoretical dry air, the complete combustion equation is" 
"CH4 + A_th(O2+3.76 N2)=1 CO2+2 H20 + A_th (3.76) N2" 


A_th*2=1*2+2*1 "theoretical O balance" 


"Apply First Law SSSF" 

h_fuel_EES=enthalpy(CH4,T=298) "[kJ/kmol]" 

h_fuel_TableA26=-74850 "[kJ/kmol]" 

h_bar_fg_H2O0=enthalpy(Steam_iapws, T=298,x=1)-enthalpy(Steam_iapws, T=298,x=0) "[kJ/kmol]" 
HR=h_fuel_EES+ A_th*enthalpy(O2,T=T_air1)+A_th*3.76 *enthalpy(N2,T=T_air1) "[kJ/kmol]" 
HP=1*enthalpy(CO2,T=T_prod)+2*(enthalpy(H2O0,T=T_prod)-h_bar_fg_H20)+A_th*3.76* 
enthalpy(N2,T=T_prod) "[kJ/kmol]" 

h_bar_Comb_EES=(HP-HR) "[kJ/kmol]" 
PercentError=ABS(h_bar_Comb_EES-h_bar_comb_TableA27)/ABS(h_bar_comb_TableA27)*Convert(, %) "[%]" 


AcombEES Tcomb 
[kJ/kmol] [C] 
-890335 25 S 865000 
-887336 88.89 £ 
-884186 152.8 = -870000 
-880908 216.7 Æ 75000 
-877508 280.6 V 
-873985 344.4 T -880000 
-870339 408.3 y 
-866568 472.2 E eas 
-862675 536.1 l P -890000 
-858661 600 
-895000 fi fi 1 fi fi 1 1 1 fi 
0 100 200 300 400 500 600 


Tcomb [C] 
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15-34 


15-49 Ethane is burned with stoichiometric amount of air. The heat transfer is to be determined if both the reactants and 
products are at 25°C. 


Assumptions The water in the products is in the vapor phase. 


Analysis The stoichiometric equation for this reaction is 
C2H6 


25G 
Air chamber 25°C 


CH6 +3.5[0, +3.76N, | 2C0, +3H,0 + 13.16N 5 Products 


Combustion 


Since both the reactants and the products are at the standard reference 
state of 25°C and 1 atm, the heat transfer for this process is equal to 
enthalpy of combustion. Note that N, and O; are stable elements, and 25°C 
thus their enthalpy of formation is zero. Then, 


Q=hc =Hp-Hp => Nph; p -X Ngh; r = (Ni; ) 45 +N; o - (NA? lone 


Using h f values from Table A-26, 


Q = he = (2 kmol)(-393,520 kJ/kmol) + (3 kmol)(—241,820 kJ/kmol)- (1 kmol)(—84,680 kJ/kmol) 
= -1,427,820 kJ/kmol C2H6 


15-50 Ethane is burned with stoichiometric amount of air at 1 atm and 25°C. The minimum pressure of the products which 
will assure that the water in the products will be in vapor form is to be determined. 


Assumptions The water in the products is in the vapor phase. 


Analysis The stoichiometric equation for this reaction is 
CH6 +3.5[0, +3.76N, | 2C0, +3H,0+13.16N, 


At the minimum pressure, the product mixture will be saturated with water vapor and 


P, = Pa@25°c = 3-1698 kPa 


The mole fraction of water in the products is 


=: Nino _ 3 kmol 


=— > = 251652 
N (2+3+13.16) kmol 


Jy 
prod 


The minimum pressure of the products is then 


p. — Py _ 3.1698 kPa 


ee =19.2 kPa 
y, 0.1652 
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15-35 
15-51 The higher and lower heating values of liquid propane are to be determined and compared to the listed values. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N,. 3 Combustion gases are 
ideal gases. 


Properties The molar masses of C, O2, H,, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1). 


Analysis The combustion reaction with stoichiometric air is 


C3Hg(1) + 5(O, + 3.76N, )——>3CO,, +4H,0 + 18.8N, gi 
3418 


Both the reactants and the products are taken to be at the standard Combustion Products 
reference state of 25°C and 1 atm for the calculation of heating values. Nir 

The heat transfer for this process is equal to enthalpy of combustion. fearon 
Note that N, and O; are stable elements, and thus their enthalpy of 

formation is zero. Then, 


q=hc =Hp ~Hp= > Nphjp— > Nahr = (nny), + (iy) - (NF ) sur 
The h j Of liquid propane is obtained by adding h fg Of propane at 25°C to h r of gas propane (103,850 + 44.097 x 335 = 
118,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then, 


he = (3 kmol)(—393,520 kJ/kmol) + (4 kmol)(—285,830 kJ/kmol)— (1 kmol)(—118,620 kJ/kmol) 
= —2,205,260 kJ/kmol propane 


chamber 


The HHV of the liquid propane is 


HEV 2 Ze _ 2:205,260 ki/ikmol C3Hg 
M,, 44.097 kg/kmol C, Hg 


m 


= 50,010 kJ/kg C,H, 


The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then, 
he = (3 kmol)(—393,520 kJ/kmol) + (4 kmol)(—241,820 kJ/kmol)— (1 kmol)(—118,620 kJ/kmol) 
= —2,029,220 kJ/kmol propane 
The LHV of the propane is then 
LHV = he _ 2,029,220 kI/kmol C,H, 
M 44.097 kg/kmol C,H. 


m 


= 46,020 kJIkg CH 


The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical. 
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15-52 The higher and lower heating values of gaseous octane are to be determined and compared to the listed values. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N,. 3 Combustion gases are 
ideal gases. 


Properties The molar masses of C, O2, H,, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1). 


Analysis The combustion reaction with stoichiometric air is 


CH ig +12.5(0, + 3.76N, )——>8CO, + 9H,0+47N, CHi: 
Both the reactants and the products are taken to be at the standard Combustion | Products 
reference state of 25°C and 1 atm for the calculation of heating values. Air chamber 
The heat transfer for this process is equal to enthalpy of combustion. theoretical 


Note that N, and O; are stable elements, and thus their enthalpy of 
formation is zero. Then, 


q=hc =Hp-He => Nph;p -J Ngeh; r = (n? loo, o5 (Nh; ) no - (NF Jesns 
For the HHV, the water in the products is taken to be liquid. Then, 


hc = (8 kmol)(—393,520 kJ/kmol) + (9 kmol)(—285,830 kJ/kmol)— (1 kmol)(—208,450 kJ/kmol) 
= —5,512,180 kJ/kmol octane 


The HHV ofthe gaseous octane is 


-hç _ 5,512,180 kJ/kmol CH s 
M,, 114.231 kg/kmol C,H), 


HHV = = 48,250 kJ/kg CsH,, 


m 


The listed value for liquid octane from Table A-27 is 47,890 kJ/kg. Adding the enthalpy of vaporization of octane to this 
value (47,890+363=48,253), the higher heating value of gaseous octane becomes 48,253 kJ/kg octane. This value is 
practically identical to the calculated value. For the LHV, the water in the products is taken to be vapor. Then, 


hc = (8 kmol)(—393,520 kJ/kmol) + (9 kmol)(—241,820 kJ/kmol)— (1 kmol)(—208,450 kJ/kmol) 
= —5,1 16,090 kJ/kmol octane 
The LHV of the gaseous octane is then 


he _ 5,116,090 kJ/kmol CH s 
M,, 114.231 kg/kmol CH; 


HHV = = 44,790 kJ/kg C;H;g 


m 


The listed value for liquid octane from Table A-27 is 44,430 kJ/kg. Adding the enthalpy of vaporization of octane to this 
value (44,430+363=44,793), the lower heating value of gaseous octane becomes 44,793 kJ/kg octane. This value is 
practically identical to the calculated value. 
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15-37 


15-53 The higher and lower heating values of coal from Illinois are to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain CO, CO, H20, SO,, and N3. 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H>, O., S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


Mc 67.40 kg 
ena -5.617 kmol 
C Mec 12kg/kmol re 
k k 5.31% H, 
Nyy = -2 ->28 9.655 kmol 15.11% Op 
My 2kg/kmol o 
2.36% S 
is Mmo _ 15.llkg _ ONES 230063 
Mg, 32kg/kmol 7 
Esk (by mass) 
Ny =— 82 =— 8 _ = 0.05143 kmol 
My. 28kg/kmol 
Ng = = a: — ; = 0.07375 kmol Coal 
l n Combustion Products 
The mole number of the mixture and the mole fractions are Air chamber 
theoretical 


N m =5.617 + 2.655 + 0.4722 + 0.05143 + 0.07375 = 8.869 kmol 


Nc _ 5.617 kmol -0.6333 


Yc =W, 8.869 kmol 
N 2.655 kmol 
jpa erd aO o 205094 
Nm 8.869 kmol 
N ; 
Yoz = O2 _ 0 4722 kmol = 0.05323 
Nm 8.869 kmol 
N 05143 kmol 
T a E E N 
N m 8.869 kmol 
N 
_ Ns _ 0.07375 kmol _ 9 00832 


S N 8.869 kmol 


m 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 


may be written as 
0.6333C + 0.2994H, + 0.053230, + 0.00580N , + 0.00832S + a (O, +3.76N,) 
—— xCO, + yH,0+ zSO, +kN, 


According to the species balances, 


C balance: x =0.6333 

H, balance: y= 0.2994 

Sbalance: z= 0.00832 

O, balance: 

0.05323 +a =x +0.5y +z 

dy, = 0.6333 + 0.5 x 0.2994 + 0.00832 — 0.05323 = 0.7381 

N, balance: k =0.00580 + 3.76a,, =0.00580 + 3.76 x 0.7381 = 2.781 
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15-38 
Substituting, 
0.6333C + 0.2994H , + 0.053230, + 0.00580N , + 0.00832S + 0.7381(0, +3.76N>) 
—— 0.6333CO, + 0.2994H,O + 0.00832SO, + 2.781N, 


Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that C, S, H2, Ny and O; are stable 
elements, and thus their enthalpy of formation is zero. Then, 


q=hc =Hp-HpR = J Nph; p -5 Ngh? g 7 (Ni; ka + (wh; ks + (why ko 
For the HHV, the water in the products is taken to be liquid. Then, 


he = (0.6333 kmol)(—393,520 kJ/kmol) + (0.2994 kmol)(—285,830 kJ/kmol) 
+ (0.00832 kmol)(—297,100 kJ/kmol) 
= —337,270 kJ/kmol coal 


The apparent molecular weight of the coal is 


ip = Mm _ (0.6333 x12 + 0.2994 x 2 + 0.05323 x 32 + 0.00580 x 28 + 0.00832 x 32) kg 


m 


Npn (0.6333 + 0.2994 + 0.05323 + 0.00580 + 0.00832) kmol 
= USS KS 21033 kenale 
1.000 kmol 


The HHV of the coal is then 


py = ae. 337.270 ki/kmol coal _ 95 650 kJikg coal 
Man 10.33 kg/kmol coal 


For the LHV, the water in the products is taken to be vapor. Then, 


he = (0.6333 kmol)(—393,520 kJ/kmol) + (0.2994 kmol)(—241,820 kJ/kmol) 
+ (0.00832 kmol)(—297,100 kJ/kmol) 
= —324,090 kJ/kmol coal 


The LHV of the coal is then 


LHV = -hç _ 324,090 kJ/kmol coal 
M 10.33 kg/kmol coal 


m 


= 31,370 kJ/kg coal 
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First Law Analysis of Reacting Systems 


15-54C In this case AU + W, = AH, and the conservation of energy relation reduces to the form of the steady-flow energy 
relation. 


15-55C The heat transfer will be the same for all cases. The excess oxygen and nitrogen enters and leaves the combustion 
chamber at the same state, and thus has no effect on the energy balance. 


15-56C For case (b), which contains the maximum amount of nonreacting gases. This is because part of the chemical 
energy released in the combustion chamber is absorbed and transported out by the nonreacting gases. 
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15-57 Propane is burned with an air-fuel ratio of 25. The heat transfer per kilogram of fuel burned when the temperature of 
the products is such that liquid water just begins to form in the products is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The reactants are at 25°C and 1 atm. 6 The fuel is in vapor phase. 


Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1). 
Analysis The mass of air per kmol of fuel is Q 


Mair = (AF) fuer 


= (25 kg air/kg fuel)(1x 44 kg/kmol fuel) = 1100 kg air/kmol fuel CsHs f 
25°C Combustion 
The mole number of air per kmol of fuel is then chamber Products 
: i : T 
= eae Os at emo ST a oeno ne Ait paian T 
M iir 29 kg air/kmol air 


25°C 
The combustion equation can be written as 
C3Hg + (37.93 /4.76)(O, +3.76N,)——> 3CO, +4H,0 + xO, + (37.93/4.76)x3.76N, 


The coefficient for O; is obtained from O, balance: 


(37.93/4.76) =3 + 2+ x > x = 2.968 


Substituting,  C3Hg + 7.968(0, +3.76N, )——>3CO,, + 4H,0 + 2.9680, +29.96N, 


The mole fraction of water in the products is 
_ Nino _ 4kmol 4 kmol 


=———_ = 0.1002 
N 


ay ~ 344+ 2.968 + 29.96)kmol 39.93 kmol — 


prod 
The partial pressure of water vapor at 1 atm total pressure is 
P, = y,P =(0.1002)(101.325 kPa) = 10.15 kPa 
When this mixture is at the dew-point temperature, the water vapor pressure is the same as the saturation pressure. Then, 
Tap = sat@ 10.15 kPa = 46.1°C = 319.1K = 320K 
We obtain properties at 320 K (instead of 319.1 K) to avoid iterations in the ideal gas tables. The heat transfer for this 
combustion process is determined from the energy balance E;n — E out = AE system applied on the combustion chamber with 
W = 0. It reduces to 
-Qui = > Nplh; +h-h°), -Y walk; +h-h°), 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance h; ,kJ/kmol hgg, kJ/kmol gy, KJ/kmol 
CH; -103,850 = —— e 
O, 0 8682 9325 
N: 0 8669 9306 
H,0 (g) -241,820 9904 10,639 
2 -393,520 9364 10,186 
Substituting, 


~ Qyur = (3X— 393,520 + 10,186 — 9364) + (4)(— 241,820 + 10,639 — 9904) + (2.968 (0 + 9325 — 8682) 
+ (29.960 + 9306 — 8669) — (1(—103,850)— 0 
= ~2,017,590 kJ/kmol C3Hg 


or Qout = 2,017,590 kI/kmol C3 Hg 
Then the heat transfer per kg of fuel is 


Qour_ _ 2,017,590 KJ/kmol fuel 


M fee 44 kg/kmol 


Qout = 
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15-58 n-Octane is burned with 100 percent excess air. The heat transfer per kilogram of fuel burned for a product 
temperature of 257°C is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 5 The fuel is in vapor phase. 


Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis The combustion reaction for stoichiometric air is 


CgHyg +12.5[0, +3.76N  |—>8CO,, +9H 0 + (12.5x3.76)N > 


The combustion equation with 100% excess air is Qout 
CsHiıs 
CgHy + 25[0, +3.76N, |-——8CO, +9H,0 +12.5 0, +94N, 
. f f f 25°C Products 
The heat transfer for this combustion process is determined from 
the energy balance E;n — Eou = AE system applied on the 100% excess air 257°C 


combustion chamber with W = 0. It reduces to 
= Qout => Nolh; tnak), -Y Nghi; +h-h’), 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


25°C 


hy Aoogk hs30x 

PUDINS kJ/kmol kJ/kmol kJ/kmol 
CsEis (9) -208,450 = = 

O 0 8682 15,708 
N; 0 8669 15,469 
H-O (g) -241,820 9904 17,889 
CO, -393,520 9364 19,029 

Substituting, 


-Q u = (8X— 393,520 + 19,029 —9364)+ (9)(— 241,820 + 17,889 — 9904) + (12.5)(0 + 15,708 - 8682) 
+ (04X0 +15,469 -8669)—(1)(— 208,450)—0-0 
= ~4,239,880 kJ/kmol CH), 


or Qout = 4,239,880 kJ/kmol CH g 
Then the heat transfer per kg of fuel is 


Qut _ 4,239,880 kJ/kmol fuel 


Qot = Mn 114kg/kmol 


=37,200 kJ/kg CH1 
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15-59 Propane is burned with 50 percent excess air during a steady-flow combustion process. The rate of heat transfer in the 
combustion chamber is to be determined. 
Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 
Properties The molar masses of propane and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1). 
Analysis The combustion equation can be written as 


C,H, +1.5ay, (O, +3.76N , )——> 3CO,, +4H,0 + 0.5a,,0 +1.5ay, x3.76N 5 


The stoichiometric coefficient is obtained from O, balance: 


1.5ap =3+2+0.5ay,— ay, =5 


Substituting, C3Hg 
Combustion 
2 fo} 
os chamber 


C,H, +7.5(0, +3.76N ,)——> 3CO, +4H,0 +2.50, + 28.2N, 


The specific volume of the air entering the system is Air 
ee RaT _ (0.287 kJ/kmol: KX773K) _ 5 199 m3 (ks iver P=1atm 
P 101.3 kPa 

and the mass flow rate of this air is 

7 V,;. 3 1m?/s 
Vair 2.190 m3/kg 

The air-fuel ratio for this combustion process is 

a (7.5 x 4.76 kmol {29 kg/kmol) 

mpe (3 kmol\12 kg/kmol) + (4 kmol)(2 kg/kmol) 

The mass flow rate of fuel is 

Mar 0.4566 kg/s 

AF 23.53 

The heat transfer for this combustion process is determined from the energy balance Ein ~E out = AE system applied on the 


Products 


1500°C 


= 0.4566 kg/s 


AF= = 23.53 kg air/kg fuel 


Mael = = 0.01941 kg/s 


combustion chamber with W = 0. It reduces to 
-Qu =Y Nph; +h-h°) -X Nghi; +h-h°), 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


hy hogg K h77 K hi K 
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol 
GH; -103,850 = = 5 
O, 0 8682 23,614 50,364 
N, 0 8669 22,866 56,689 
H20 (9) -241,820 9904 pe 71,177 
CO, -393,520 9364 = 87,195 

Substituting, 


— Qour = B] 393,520 + 87,195 — 9364) + (4\(— 241,820 + 71,177 — 9904) + (2.50 + 59,364 — 8682) 
+ (28.2\(0 + 56,689 — 8669) —(1)(— 103,850 + hyog — haog )—(7.5)(0 + 23,614 — 8682) 
— (28.2)(0 + 22,866 — 8669) 
= -596,881 kJ/kmol C,H, 
or Qout = 596,881 kJ/kmol C3Hg 


Then the rate of heat transfer for a mass flow rate of 0.01941 kg/s for the propane becomes 


. . m 0.01941 kg/s 
=N = = 596,881 kJ/kmol) = 263.3 kW 
Qout Qout & Jee 44 kg/kmol I ) 
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15-60 Methane is burned completely during a steady-flow combustion process. The heat transfer from the combustion 
chamber is to be determined for two cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 


Analysis The fuel is burned completely with the stoichiometric amount of air, and thus the products will contain only H20, 
CO), and N,, but no free O2. Considering 1 kmol of fuel, the theoretical combustion equation can be written as 


CH, +.4,,(0, +3.76N, }}—>CO, + 2H,0 + 3.76a,,N Q 
where apn is determined from the O, balance, CH, 
ap =1+1=2 25°C E n Products 
Substituting, Air eee 25°C 
CH, +2(0, +3.76N,)——>CO,, + 2H,0 +5.64N,, 100% theoretical 


The heat transfer for this combustion process is determined from the energy balance E;n — Egy = AE system applied on the 


combustion chamber with W = 0. It reduces to 
-Qui = X Nph; +h A’), -Y Nghi; +h-h°) = Y. Nph; p- Y. Nph? r 


since both the reactants and the products are at 25°C and both the air and the combustion gases can be treated as ideal gases. 
From the tables, 


hy 
Substance 
kJ/kmol 
CH, -74,850 
O, 0 
No 0 
H2O (4) -285,830 
CO, -393,520 
Thus, 
—Qout = (IX-393,520) + (2)(-285,830)+ 0 —(1)(-74,850)—0 — 0 = -890,330 kJ / kmol CH , 
or 


Qour = 890,330 kJ / kmol CH , 


If combustion is achieved with 100% excess air, the answer would still be the same since it would enter and leave at 25°C, 
and absorb no energy. 
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15-61E Diesel fuel is burned with 20 percent excess air during a steady-flow combustion process. The required mass flow 
rate of the diesel fuel for a specified heat transfer rate is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and Oe Bans 


combustion gases are ideal gases. 3 Kinetic and potential 


energies are negligible. 4 Combustion is complete. C12H26 
z Combustion 
Analysis The fuel is burned completely with the excess air, and TPP chamber Products 
thus the products will contain only CO2, H20, N2, and some : 800 R 
free O2. Considering 1 kmol of C12H26, the combustion Air P=1atm 
equation can be written as 20% excess air 
77°F 


CoH 6 + 1.244, (O3 +3.76N }+—>12CO,, + 13H 0 + 0.2a4,05 + (1.2)(3.76ay, JN> 
where ap is the stoichiometric coefficient and is determined from the O, balance, 
1.2ay,=12+65+0.2a, — a, =18.5 
Substituting, 
C2H6 + 22.2(0, + 3.76N , )——>12C0, +13H,0 + 3.70, + 83.47N, 


The heat transfer for this combustion process is determined from the energy balance E;n — Egy = AE system applied on the 


combustion chamber with W = 0. It reduces to 
-Qu = Np lig +h-h°)p -Y Nghi; +h-h°) =Y Wp (hy +h-h°), -Y Nph; r 


since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


hy hs37 R Ngoo R 
SUUSUANCE Btu/Ibmol Btu/Ibmol Btu/Ibmol 
CH2 -125,190 = p 
O, 0 3725.1 5602.0 
N> 0 3729.5 5564.4 
H-O (9) -104,040 4258.0 6396.9 
CO, -169,300 4027.5 6552.9 
Thus, 
—Qout = (12(-169,300 + 6552.9 — 4027.5) + (13)(-104,040 + 6396.9 — 4258) 
+ (3.70 + 5602.0 —3725.1) + (83.470 + 5564.4 —3729.5)—(I\(—125,190)-0—0 
= -3,040,716 Btu/Ibmol C,H 46 
or Qour = 3,040,716 Btu/Ibmol C,H 36 


Then the required mass flow rate of fuel for a heat transfer rate of 1800 Btu/s becomes 


ra = NM =| 2 | = 1800 Btu's (170 tbm/Ibmol) = 0.1006 Ibm/s 
Q 3,040,716 Btu/Ibmol 
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15-62 A certain coal is burned steadily with 40% excess air. The heat transfer for a given product temperature is to be 
determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO, CO, H20, SO,, and N3. 3 Combustion 
gases are ideal gases. 


Properties The molar masses of C, H2, N2, O2, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


mc _ 39.25kg 


Nç = =3.271 kmol 
Mc. 12kg/kmol 39.25% C 
6.93% H> 
ENE E ET 41.11% O; 
My 2kg/kmol 0.72% N; 
m 41.11kg 0.79% S 
N a = 1.285 kmol 
%2 Mo, 32kg/kmol 11.20% ash 
(by mass) 
Nya Ne TERS isa na 
Mẹ 28kg/kmol 
Nea = ie = 7 = 0.0247 kmol Coal 
Ms ae Combustion |_ Products 
The mole number of the mixture and the mole fractions are Air hambat 127°C 


ETETE sai 
40% excess 
N m =3.271 + 3.465 + 1.285 + 0.0257 + 0.0247 = 8.071 kmol 


N .271 kmol 
E E E 
Nm 8.071 kmol 


Ny 3.465 kmol 


= = 0.4293 
TO= Ne S07 kmol 
No) 1.285 kmol 
E E, 
Nm 8.071 kmol 
N l 
yn, = Nz _ 0-0257 kmol _ 9 00319 


N,,  8.071kmol 
Ns 0. 
y, = Ns. = 0-0247 kmol _ 9 00306 
N,  8.071kmol 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.4052C + 0.4293H , +0.15920, +0.00319N , + 0.00306S +1.4a „ (O, +3.76N3) 
——>0.4052CO, +0.4293H,O +0.4a „O, + 0.00306SO,, +1.4a,, x3.76N, 


According to the O, mass balance, 


0.1592 +1.4a = 0.4052 + 0.5 x 0.4293 + 0.4a,, + 0.00306 —— ay, = 0.4637 
Substituting, 
0.4052C + 0.4293H, +0.15920, +0.00319N , + 0.00306S + 0.6492(0, +3.76N >) 
—— 0.4052CO, +0.4293H,0 + 0.18550, + 0.00306SO , + 2.441N , 


The heat transfer for this combustion process is determined from the energy balance Ein —E out =AE system applied on the 


combustion chamber with W = 0. It reduces to 
—Qout => Np (hy thek h -5 Nalhy thk) 
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Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


h; haog K Rago K 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
O- 0 8682 11,711 
Np 0 8669 11,640 
H20 (g) -241,820 9904 13,356 
CO, -393,520 9364 13,372 
SO, -297,100 - - 


The enthalpy change of sulfur dioxide between the standard temperature and the product temperature using constant specific 
heat assumption is 


Algo) =¢,AT = (41.7 kJ/kmol - K)(127 — 25)K = 4253 kJ/kmol 


Substituting into the energy balance relation, 


-Q a = (0.4052\- 393,520 + 13,372 — 9364) + (0.4293 \— 241,820 + 13,356 —9904) 


+ (0.1855)(0+11,711—8682)+ (2.441)(0+ 11,640 —8669)+ (0.00306\(— 297,100 + 4253)—0 
= ~253,244 kJ/kmol CH ış 


or Q, = 253,244 kJ/kmol fuel 


Then the heat transfer per kg of fuel is 


ick Qot _ 253,244 kJ/kmol fuel 
t Maer (0.4052x12+0.4293x2 + 0.1592 x 32 + 0.00319 x 28 + 0.00306 x32) kg/kmol 
_ 253,244 kJ/kmol fuel 


11.00 kg/kmol 
= 23,020 kJ/kg coal 
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15-63 @® Octane gas is burned with 30 percent excess air during a steady-flow combustion process. The heat transfer per 
unit mass of octane is to be determined. 

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 Combustion is complete. 

Properties The molar mass of CgHj is 114 kg/kmol (Table A-1). 

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO, H20, N2, and some 
free O2. The moisture in the air does not react with anything; it simply shows up as additional H20 in the products. 
Therefore, for simplicity, we will balance the combustion equation using dry air, and then add the moisture to both sides of 
the equation. Considering 1 kmol of CgHjs, the combustion equation can be written as 


CgHjg(g)+1.8a,y,(O, +3.76N,)——>8CO, + 9H,0 + 0.8a,,0, + (1.8X3.76a,, JN> 
where ay is the stoichiometric coefficient for air. It is determined from 


O, balance:1.8a,, =8 + 4.5 + 0.844, —> ap =12.5 


Thus, q 
CgHig 
CgHig(g)+ 22.5(0, +3.76N ,)——> 8CO,, + 9H,0 +100, + 84.6N, 
Saint o Combustion 
Therefore, 22.5 x 4.76 = 107.1 kmol of dry air will be used per kmol of the 25°C chamibëi Products 
fuel. The partial pressure of the water vapor present in the incoming air is Ai 1000K 
ir 
P, in = Pair Poat@2sec = (0.40)(3.1698 kPa)=1.268 kPa P=1 atm 
ee : f 80% excess air 
Assuming ideal gas behavior, the number of moles of the moisture 25°C 


that accompanies 107.1 kmol of incoming dry air is determined to be 


Py in 1.268 kP 
Ng ee Ng] eS loan, «| = 5 Wig 1 nto 
in |p 101.325 kPa 


total 


The balanced combustion equation is obtained by adding 1.36 kmol of H20 to both sides of the equation, 

CgH¢(g)+ 22.5(0, + 3.76N, ) + 1.36H,0—>8CO, +10.36H,0 +100, +84.6N, 
The heat transfer for this combustion process is determined from the energy balance E;n — Ey = AE system applied on the 
combustion chamber with W = 0. It reduces to 

-Qu =Y Nph; +h-h°) -Y walt; +h-h°) =Y Nolh; +h-h°), -Y Ngh; 
since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


Substance h; ,kJ/kmol hogg, kJ/kmol hioo x > KJ/kmol 

CH ig (g) -208,450 = === 

O, 0 8682 31,389 

No 0 8669 30,129 

H,0 (g) -241,820 9904 35,882 

CO; -393,520 9364 42,769 
Substituting, 


— Qour =(8\— 393,520 + 42,769 — 9364) + (10.36 — 241,820 + 35,882 — 9904) 
+ (10)(0 + 31,389 — 8682) + (84.6)(0 + 30,129 — 8669) 
— (1(— 208,450) — (1.36X— 241,820) -0-0 
= ~2,537,130 kJ/kmol CH g 
Thus 2,537,130 kJ of heat is transferred from the combustion chamber for each kmol (114 kg) of CsH;s. Then the heat 
transfer per kg of CgH;g becomes 
Qout _ 2,537,130 kJ 
M 114kg 


= 22,260 kJIkg CH;s 
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EES 
15-64 Problem 15-63 is reconsidered. The effect of the amount of excess air on the heat transfer for the combustion 
process is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Octane (C8H18)' 

T_fuel = (25+273) "[K]" 

{PercentEX = 80 "[%]"} 

Ex = PercentEX/100 "[%Excess air/100]" 

P_air1 = 101.3 [kPa] 

T_air1 = 25+273 "[K]" 

RH_1 = 40/100 "[%]" 

T_prod = 1000 [K] 

M_air = 28.97 [kg/kmol] 

M_water = 18 [kg/kmol] 

M_C8H18=(8*12+18*1) "[kg/kmol]" 

"For theoretical dry air, the complete combustion equation is" 

"C8H18 + A_th(O2+3.76 N2)=8 CO2+9 H2O + A th (3.76) N2" 

A_th*2=8*2+9*1 "theoretical O balance" 

"now to find the amount of water vapor associated with the dry air" 
w_1=HUMRAT(AirH20,T=T_air1,P=P_air1,R=RH_1) "Humidity ratio, kgv/kga" 
N_w=w_1*(A_th*4.76*M_air)/M_water "Moles of water in the atmoshperic air, kmol/kmol_fuel" 

"The balanced combustion equation with Ex% excess moist air is" 

"C8H18 + (1+EX)[A_th(O2+3.76 N2)+N_w H20]=8 CO2+(9+(1+Ex)*N_w) H20 + (1+Ex) A_th (3.76) N2+ Ex( 
A_th) 02" 

"Apply First Law SSSF" 

H_fuel = -208450 [kJ/kmol] "from Table A-26" 

HR=H_fuel+ (1+Ex)*A_th*enthalpy(O2,T=T_air1)+(1+Ex)*A_th*3.76 
*enthalpy(N2,T=T_air1)+(1+Ex)*N_w*enthalpy(H20,T=T_air1) 

HP=8*enthalpy(CO2, T=T_prod)+(9+(1+Ex)*N_w)*enthalpy(H2O, T=T_prod)+(1+Ex)*A_th*3.76* 
enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(O2,T=T_prod) 

Q_net=(HP-HR)"kJ/kmol"/(M_C8H18 "kg/kmol")  "[kJ/kg_C8H18]" 

Q_out = -Q_net "[kJ/kg_C8H18]" 

"This solution used the humidity ratio form psychrometric data to determine the moles of water vapor in 
atomspheric air. One should calculate the moles of water contained in the atmospheric air by the method shown 
in Chapter 14 which uses the relative humidity to find the partial pressure of the water vapor and, thus, the moles 
of water vapor. Explore what happens to the results as you vary the percent excess air, relative humidity, and 
product temperature." 


32000 
PercentEX Qout 
[%] [kJ/kgC8H18] — 28000 
0 31444 S 
20 29139 = 24000 
40 26834 2 
60 24529 =< 20000 
80 22224 9 
100 19919 = 
120 17614 S 
140 15309 oO 
160 13003 12000 
180 10698 
200 8393 8000 
0 40 80 120 160 200 


PercentEX [%] 
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15-65 Propane gas is burned with 100% excess air. The combustion is incomplete. The balanced chemical reaction is to be 
written, and the dew-point temperature of the products and the heat transfer from the combustion chamber are to be 
determined. 


Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO2, CO, H20, O>, and N; only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis (a) The balanced reaction equation for stoichiometric air is 


CH, + ay,[0, + 3.76N, | 3 CO, + 4H,0 + ay, 3.76 N, 


The stoicihiometric coefficient ay, is determined from an O, balance: C3H¢ 
dp =3+2=5 : CO, CO 
a = H20, Oo, No 
Substituting, 100% excess 
C,H, +5[0, +3.76N, |-——>3CO, + 4H,0 +5x3.76N, 
The reaction with 100% excess air and incomplete combustion can be written as 
C,H; +2 slo, + 3.76N , | 0.90 x3CO, +0.10x3CO+4H,0+x0,+2x5x3.76N, 
The coefficient for O, is determined from a mass balance, 
O; balance: 10=0.9x3+0.05x3+2+x—>x=5.15 
Substituting, 
C,H, + 10[0, + 3.76N , |——> 2.7 CO, +0.3C0+4H,0+4+5.150, +37.6N, 
(b) The partial pressure of water vapor is 
N 
P, =o Pal = : (100 kPa) = KN (100 kPa) = 8.040 kPa 
N a 2.7 +0.3+4+5.15 +37.6 49.75 kmol 
The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
Tap = Tyat@8.04 kPa =41.5°C (Table A-5) 
(c) The heat transfer for this combustion process is determined from the energy balance Ein — Egy, = AE system applied on 


the combustion chamber with W = 0. It reduces to 
= Qout DIAT TE ~ > Nalhy +h-h*), 
Both the reactants and products are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = 


h(T). Also, since the temperature of products (25 °C) is lower than the dew-po,nt temperature, some water vapor will 
condense. Noting from Table A-5 that P..@259c =3.17 kPa , the molar amount of water that remain as vapor is determined 


from 


N N ¥120,vapor 
P, =O Poa —— 3.17 kPa = mO vapo (100 kPa) —> N po vapor = 1.5 kmol 
N sotal N tno,vapor +2.7 +0.3 +5.15 +37.6 i 
Thus, Np20,1iquia = 4 — 1.5 = 2.5 kmol 


Then, using the values given in the table, 
—Qout = (2.7)(-393,520) + (0.3)(—110,530) + (1.5)(—241,820) + (2.5)(—285,830) — (D(—103,850) 
=- 2,069,120 kJ/kmol C,H g 


or Qu = 2,069,120 kJ/kmol C;Hg 


Then the heat transfer for a 100 kmol fuel becomes 


Quat = NQout = ( x Jeu = (100 kmol fuel)(2,069,120 kJ/kmol fuel) = 2.069 x 10° kJ 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-50 
15-66 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and 
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products contain 
CO, CO, H20, Os», and N; only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis (a) The balanced reaction equation for stoichiometric air is 
0.4CH, + 0.6CH, + ay, [O + 3.76N,, | 1.8 CO, +2.8H,O + ay, 3.76 N 


The stoicihiometric coefficient ay, is determined from an O, balance: 


C3Hs, CH 
ap =1.8+1.4=3.2 i te: 


: CO», H20, 
Air Nə 


Substituting, 100% theoretical 


0.4C3Hg +0.6 CH, +3.2[0, +3.76N, |-—>1.8CO, + 2.8 H,O +12.032N, 


(b) The partial pressure of water vapor is 


p - Nimo 2.8 2.8 kmol 


v Protal > (d 00 kPa) = 
N ota 1.8 + 2.8 + 12.032 16.632 kmol 


(100 kPa) = 16.84 kPa 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
Tap =Tsat@16.84kPa =56.2°C (Table A-5) 


Since the temperature of the product gases are at 398 K (125°C), there will be no condensation of water vapor. 
(c) The heat transfer for this combustion process is determined from the energy balance Ein — E out = AE system applied on 
the combustion chamber with W = 0. It reduces to 

-Qu = > Np li? +8-F°), -$ Neli; +h -A’), 
The products are at 125 °C, and the enthalpy of products can be expressed as 

(hh )=e, ar 
where AT =125 —25=100°C =100K . Then, using the values given in the table, 

—Qout = (1.8)(—393,520 + 41.16 x 100) + (2.8)(-241,820 + 34.28 x 100) + (12.032)(0 + 29.27 x 100) 

— (0.4)(—103,850) — (0.6)(—74,850) 


=— 1,246,760 kJ/kmol fuel 
or Qout = 1,246,760 kJ/kmol fuel 
For a heat transfer rate of 97,000 kJ/h, the molar flow rate of fuel is 
N pel = Qon ne = 0.07780 kmol fuel/h 


Qout £246,760 kJ/kmol fuel 
The molar mass of the fuel mixture is 
M fue, = 0.4 44 + 0.6 x 16 = 27.2 kg/kmol 
The mass flow rate of fuel is 
Mel = Nac\M fuel = (0.07780 kmol/h)(27.2 kg/kmol) = 2.116 kg/h 
The air-fuel ratio is 


_ (3.2x 4.76 x 29) kg 
Me (0.4x 44+ 0.616) kg 


=16.24kg air/kg fuel 


The mass flow rate of air is then 
Mair = Mpe AF = (2.116 kg/h)16.24) = 34.4 kg/h 


air 
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15-67 A mixture of ethanol and octane is burned with 10% excess air. The combustion is incomplete. The balanced 
chemical reaction is to be written, and the dew-point temperature of the products, the heat transfer for the process, and the 
relative humidity of atmospheric air for specified conditions are to be determined. 


Assumptions 1 Combustion is incomplete. 2 The combustion products 


contain CO, CO, H2O, O», and N; only. hae 

Properties The molar masses of C, H2, O2, Nz and air are 12 kg/kmol, ae 

2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, respectively Air CO2, CO 
(Table A-1). H20, O2, N2 


f f F ae 10% excess 
Analysis (a) The balanced reaction equation for stoichiometric air is 


0.1C,H,O +0.9CH;g + ap [O + 3.76N, |——> 7.4 CO, +8.4H,O + ay, x3.76N3 
The stoicihiometric coefficient am is determined from an O, balance: 

0.1/2+ ay, =7.4+8.4/2—> ay, =11.55 
Substituting, 

0.1C,H,O + 0.9 CgHyg +11.55[0, +3.76N, |—> 7.4 CO, +8.4H,O 4+11.55x3.76N, 
The reaction with 10% excess air and incomplete combustion can be written as 


0.1C,H,O +0.9CgHj¢ + 1.1x11.55[0, + 3.76N, | 
—>0.9x7.4CO, +0.1x7.4CO+8.4H,0+xO, +1.1x11.55x3.76N, 


The coefficient for O, is determined from a mass balance, 
Oz balance: 0.5x0.1+1.1x11.55 =0.9 x 7.4 + 0.5 x (0.1 x 7.4) + 0.5 x 8.4 + x —> x = 1.525 
Substituting, 
0.1C,H,O + 0.9 CgHig + 12.705[0, +3.76N, | 
—— 6.66 CO, +0.74 CO +8.4H,0 +1.5250, +47.77N, 
(b) The partial pressure of water vapor is 


N l ; 
= 20 p = - (100 kPay = 8:4 A (199 Pay =12.9kPa 
6.66 + 0.74 + 8.441.525 + 47.77 65.10 kmol 


aa 


total 
The dew point temperature of the product gases is the saturation temperature of water at this pressure: 


Tap =Tsat@12.9kPa =90-5°C (Table A-5) 


(c) The heat transfer for this combustion process is determined from the energy balance Ein — Eou = AE applied on 


out system 


the combustion chamber with W = 0. It reduces to 
-Qu = > Nplig +h-h°), -X Ngh; +h A’), 


Both the reactants and products are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 


—Qout = (6.66)(—393,520) + (0.74)(—110,530) + (8.4)(—241,820) — (0.1)(—235,310) — (0.9)(—208,450) 
=- 4,522,790 kJ/kmol fuel 


or Qout = 4,522,790 kJ/kmol fuel 


The molar mass of the fuel is 


M =0.1x 46 + 0.9 x114=107.2 kg/kmol 
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Then the heat transfer for a 2.5 kg of fuel becomes 


m 2.5kg 
=NQ..= = 4,522,790 kJmol) = 105,480 kJ 
Qout = Nout (= Jeu 107.2 kg/kmol ( ) 


(d) For 9.57 kmol of water vapor in the products, the air must carry 9.57 — 8.4 = 1.17 kmol of water vapor in the 
atmospheric air. The partial pressure of this water vapor in the stmospheric air is 
p _ Nimo 1.17 1.17 kmol 


v Protal = (100 kPa) = —————_(100 kPa) = 1.8979 kPa 
Ne 12.705 x 4.76 + 1.17 61.65 kmol 


The saturation pressure of water at 25°C is 3.17 kPa (Table A-4). The relative humidity of water vapor in the atmospheric 
air is then 


P, _ 1.8979 kPa 
P, 3.17 kPa 


= 0.599 = 59.9% 


p= 


otal 
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15-68 D A mixture of methane and oxygen contained in a tank is burned at constant volume. The final pressure in the 
tank and the heat transfer during this process are to be determined. 


Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 
Properties The molar masses of CH, and O are 16 kg/kmol and 32 kg/kmol, respectively (Table A-1). 
Analysis (a) The combustion is assumed to be complete, and thus all the carbon in the methane burns to CO, and all of the 


hydrogen to H2O. The number of moles of CH, and O; in the tank are 


m 0.12 k 
-I Sei eal = onal 


N = = 
"a Mon, 16 kg/kmol 


Mo, _—i0.6 kg 


o, = = ———_ =18.75x10 7° kmol = 18.75 mol 
* Mo, 32 kg/kmol 


Then the combustion equation can be written as 


7.5CH 4 +18.750, —>7.5CO, +15H,0+3.750, 


At 1200 K, water exists in the gas phase. Assuming both the reactants and the products to be ideal gases, the final pressure 
in the tank is determined to be 


PRV =NpR,Tp Np \Tp 
Pp = PR) — I —— 
P,V = NpR,Tp Ny || Tr 


26.25 mol \ 1200 K 
26.25 mol \ 298 K 


Substituting, 


Pp = (200 Kral ) = 805 kPa 


which is relatively low. Therefore, the ideal gas assumption utilized earlier is appropriate. 
(b) The heat transfer for this constant volume combustion process is determined from the energy balance 
Ein — Eou = AE applied on the combustion chamber with W = 0. It reduces to 


out 
— Qout DA +h-h° - P7), -Y Neh; +h-h° -Pọ), 


Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields 


-Qot = S npl; + hioo K — Agog K -R,T), -F Neha; -R,T), 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


in system 


h; hoog K hi200 K 
pubstanee kJ/kmol kJ/kmol kJ/kmol 
CH, "74,850 — = 
O, 0 8682 38,447 
H-O (9) -241,820 9904 44,380 
CO, 393,520 9364 53,848 


Thus, 
—Qout = (7-5(-393,520 + 53,848 — 9364 -8.314 x1200) 
+ (15- 241,820 + 44,380 — 9904 — 8.314 1200) 
+ (3.75)(0+ 38,447 — 8682 —8.314 x 1200) 
—(7.5\(—74,850 —8.314 x 298)—(18.75)(— 8.314 x 298) 
= —5,251,791 J = -5252 kJ 


Thus Q,,; =5252kJ of heat is transferred from the combustion chamber as 120 g of CH, burned in this combustion 


chamber. 
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15-54 


EES 
15-69 Problem 15-68 is reconsidered. The effect of the final temperature on the final pressure and the heat transfer 
for the combustion process is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_reac = (25+273) "[K]" "reactant mixture temperature" 
P_reac = 200 [kPa] "reactant mixture pressure" 
{T_prod = 1200 [K]} "product mixture temperature" 
m_O2=0.600 [kg] "initial mass of O2" 

Mw_O2 = 32 [kg/kmol] 

m_CH4 = 0.120 [kg] "initial mass of CH4" 
Mw_CH4=(1*12+4*1) "[kg/kmol]" 

R_u = 8.314 [kJ/kmol-K] "universal gas constant" 


"For theoretical oxygen, the complete combustion equation is" 
"CH4 + A_th O2=1 CO2+2 H20 " 
2*A_th=1*2+2*1"theoretical O balance" 


"now to find the actual moles of O2 supplied per mole of fuel" 
N_O2 = m_O2/Mw_O2/N_CH4 
N_CH4= m_CH4/Mw_CH4 


"The balanced complete combustion equation with Ex% excess O2 is" 
"CH4 + (1+EX) A_th O2=1 CO2+ 2 H20 + Ex( A_th) 02" 
N_O2 = (1+Ex)*A_th 


"Apply First Law to the closed system combustion chamber and assume ideal gas 

behavior. (At 1200 K, water exists in the gas phase.)" 

E_in-E out = DELTAE_sys 

E in=0 

E_ out = Q_out "kJ/kmol_CH4" "No work is done because volume is constant" 

DELTAE_sys = U_prod - U_reac "neglect KE and PE and note: U = H - PV = N(h- R_u T)" 

U_reac = 1*(enthalpy(CH4, T=T_reac) - R_u*T_reac) +(1+EX)*A_th*(enthalpy(O2,T=T_reac) - R_u*T_reac) 
U_prod = 1*(enthalpy(CO2, T=T_prod) - R_u*T_prod) +2*(enthalpy(H2O, T=T_prod) - 
R_u*T_prod)+EX*A_th*(enthalpy(O2,T=T_prod) - R_u*T_prod) 


"The total heat transfer out, in kJ, is:" 
Q_out_tot=Q_out"kJ/kmol_CH4"/(Mw_CH4 "kg/kmol_CH4") *m_CH4"kg" "kJ" 


"The final pressure in the tank is the pressure of the product gases. Assuming 

ideal gas behavior for the gases in the constant volume tank, the ideal gas law gives:" 
P_reac*V =N_reac * R_u *T_reac 
P_prod*V = N_prod * R_u* T_prod 5900-——_—_—__—_—_ r 1100 
N_reac = N_CH4*(1 + N_O2) H ] 
N_prod = N_CH4*(1 + 2 + Ex*A_th) 


500 5872 335.6 
700 5712 469.8 
900 5537 604 


+900 
z, 800 © 
Tprod Qouttot Porod 5 700 x, 
[K] [kJ] [kPa] 2 = 
5 9 
o a 


| 400 


1100 | 5349 738.3 i 

1300 5151 872.5 4900 n Í 1 fi f fi 1 fi f 300 

1500 4943 1007 500 700 900 1100 1300 1500 
Tprod [K] 
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15-55 


15-70E Methane is burned with stoichiometric amount of air in a rigid container. The heat rejected from the container is to 
be determined. 


Assumptions 1 Air and combustion gases are ideal gases. 2 Combustion is complete. 
Properties The molar masses of CH, and air are 16 lbm/Ibmol and 29 Ibm/Ibmol, respectively (Table A-1E). 


Analysis The combustion equation for 1 Ibmol of fuel is 


Qout 


CH, +2(0, +3.76N,) > CO, +2H,0+7.52N, 


The heat transfer for this constant volume combustion process is determined from 
the energy balance E;n — E out = AE system applied on the combustion chamber with 


W =Q. It reduces to 
-Qut = > Np (hy +h -h° - Pa), -X Na (hy +h-h’ - Pa), 


Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields 


— Qout DHAT + hisor —hs37R - R,T), -Y Ngh; RT) 


since the reactants are at the standard reference temperature of 77°F. From the tables, 


hy hssr hiszor 
ane Btu/Ibmol Btu/Ibmol Btu/Ibmol 
CH, -32,210 --- --- 
© 0 3725.1 11,179.6 
N2 0 3729.5 10,800.4 
H-0 (g) -104,040 4258.0 12,738.8 
CO; -169,300 4027.5 14,824.9 
Thus, 
— Qot = (I(— 169,300 + 14,824.9 — 4027.5 — 1.9858 x 1520) 
+ (2\(— 104,040 + 12,738.8 — 4258.0 — 1.9858 x 1520) 
+ (7.520 + 10,800.4 — 3729.5 — 1.9858 x 1520) 
— (1)(— 32,210 — 1.9858 x 537) — (2\— 1.9858 x 537) — (7.52)(—1.9858 x 537) 
= ~284,800 Btu/Ibmol CH , 
Thus 


Qout = 284,800 Btullbmol CH, 
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15-56 


15-71 A mixture of benzene gas and 30 percent excess air contained in a constant-volume tank is ignited. The heat transfer 


from the combustion chamber is to be determined. 
Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete. 


Analysis The theoretical combustion equation of CsH¢ with 
stoichiometric amount of air is 


CoHo(g)+ ap (O, +3.76N,)—> 6CO, +3H,0 +3.76ay,N> CHet Air 
25C, 1 atm 
where ap is the stoichiometric coefficient and is determined from the O, balance, | 
ap =64+1.5=7.5 1000 K 


Then the actual combustion equation with 30% excess air becomes 


CH,(g)+ 9.75(O, + 3.76N, )——> 5.52CO, + 0.48CO + 3H,0 + 2.490, + 36.66N, 


The heat transfer for this constant volume combustion process is determined from the energy balance Ein — E, 


applied on the combustion chamber with W = 0. It reduces to 


= Qout DAT +h-h° - P7), =S Nalh; +h-h° - P7), 


ut 7 AE system 


Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 


only, and the Pv terms in this equation can be replaced by R,T. 


It yields 
— Qout DAN: + hiooo x — hog x SRT) -F Nela; SRT) 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


hy haog K hio00 K 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
CoH, (9) 82,930 a = 
O, 0 8682 31,389 
No 0 8669 30,129 
H,0 (g) -241,820 9904 35,882 
co -110,530 8669 30,355 
CO, -393,520 9364 42,769 
Thus, 
-Qut = (5.52(-393,520 + 42,769 — 9364 — 8.314 1000) 
+ (0.48\—110,530 + 30,355 -8669 — 8.314 x 1000) 
+ (3\(— 241,820 + 35,882 — 9904 -8.314 x1000) 
+ (2.49\(0 +31,389 — 8682 —8.314x1000) 
+ (36.66\(0 + 30,129 — 8669 — 8.314 x 1000) 
— (182,930 —8.314x 298)—(9.75\4.76)(-8.314 x 298) 
= ~2,200,433 kJ 
or Qont = 2,200,433 kJ 
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15-57 


15-72E A mixture of benzene gas and 60 percent excess air contained in a constant-volume tank is ignited. The heat transfer 
from the combustion chamber is to be determined. 


Assumptions 1 Both the reactants and products are ideal gases. 2 Combustion is complete. 


Analysis The theoretical combustion equation of CsH, with 
stoichiometric amount of air is 


CH,(g)+ an (O, +3.76N,)—> 6CO, + 3H,O + 3.76a,,N> Cri 
77F, 1 atm 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


Ay, = 6+1.5=7.5 AR 


Then the actual combustion equation with 60% excess air becomes 
CH,(g)+12(0, +3.76N, )—>5.52CO, + 0.48CO +3H,0 + 4.740, +45.12N, 


The heat transfer for this constant volume combustion process is determined from the energy balance E;n — Egy, = AE system 


applied on the combustion chamber with W = 0. It reduces to 
-Qu = > Np(h; +h -h° - PT), -X Nghi; +h he - Pa), 


Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the Pv terms in this equation can be replaced by R,,T. 


It yields 
— Qout = > npl; + higoor — hs37R -R,T), -Y Nela; -R,T), 


since the reactants are at the standard reference temperature of 77°F. From the tables, 


hy hs37 R hior 
UDEA Btu/lbmol Btwlbmol  Btu/lbmol 
CoH (9) 35,680 E a 
O, 0 3725.1 16,011 
No 0 3729.5 15,334 
H,0 (g) -104,040 4258.0 18,467 
co -47,540 3725.1 15,463 
Co, -169,300 4027.5 22,353 
Thus, 
— Qout = (5.52(— 169,300 + 22,353 — 4027.5 — 1.986 x 2100) 
+ (0.48)(— 47,540 + 15,463 — 3725.1 — 1.986 x 2100) 
+ (3)(— 104,040 + 18,467 — 4258.0 — 1.986 x 2100) 
+ (4.74\(0 + 16,011- 3725.1 -1.986 x 2100) 
+ (45.120 + 15,334 — 3729.5 — 1.986 x 2100) 
— (1)(35,680 — 1.986 x 537) — (124.76 (— 1.986 x 537) 
= ~757,400 Btu 
or Qout = 757,400 Btu 
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15-58 
15-73 A high efficiency gas furnace burns gaseous propane C3Hg with 140 percent theoretical air. The volume flow rate of 
water condensed from the product gases is to be determined. 
Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, HO, O», and N, only. 


Properties The molar masses of C, H2, O» and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively 
(Table A-1). 


Analysis The reaction equation for 40% excess air (140% theoretical air) is 
C,H; +1.4a,,[0, + 3.76N, |——> BCO, + DH,0+ EO, +FN, 


where ap is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the 
factor 1.4a,, instead of an for air. The coefficient ay, and other coefficients are to be determined from the mass balances 


Carbon balance: B=3 
Hydrogen balance: 2D =8—>D=4 CH Q 
3418 
Oxygen balance: 2x14a, =2B+D+2E 355C"| Combustion | products 
04a, =E chamber 
Nitrogen balance: 1.4a,, x3.76 = F 


Solving the above equations, we find the coefficients (E = 2, 40% excess 


F = 26.32, and adj, = 5) and write the balanced reaction equation as 
C,H, +7[0, +3.76N, ]—>3CO, +4H,0 +20, +26.32N, 


The partial pressure of water in the saturated product mixture at the dew point is 


Popod z Psat@aorc = 7.3851kPa 


The vapor mole fraction is 


P 
Vy = v,prod _ 7.3851 kPa = 0.07385 


P oa  100kPa 


The kmoles of water condensed is determined from 


N 4-N 
y= water >0.07385 = > > N, =1.503 kmol 
N otal, product 3+4-N,, +2+ 26.32 
The steady-flow energy balance is expressed as 
Nue Hpg = Qiuet + NaH p 
: ) 1,650 kJ/h 
where Quei = ott L 32,969 kJ/h 
7] furnace 0.96 
Hg =h? aa ane Thoz@25°c +26.32ħyz@25°c 


= (—103,847 kJ/kmol) + 7(0) + 26.32(0) = -103,847 kJ/kmol 


Hp = 3hcoz@25°c + Ahpo@2sec t 2hoz@25°c + 26.32hy2@25°c +N, (he moia 
= 3(—393,520 kJ/kmol) + 4(-241,820 kJ/kmol) + 2(0) + 26.32(0) + 1.503(—285,830 kJ/kmol) 


= -2.577x10° kJ/kmol 
Substituting into the energy balance equation, 


N neH r = Qnei +N fue H p 
N me (103,847 kJ/kmol) = 32,969 kJ/h + N pe (2.577 x 10° kJ/kmol) —> N pei = 0.01333 kmol/h 
The molar and mass flow rates of the liquid water are 
Na =N, Npe = (1.503 kmol/kmolfuel)(0.01333 kmol fuel/h) = 0.02003 kmol/h 
m,, = N,,M,, =(0.02003 kmol/h)(18 kg/kmol) = 0.3608 kg/h 
The volume flow rate of liquid water is 
V, = (V f @rsec My =(0.001003 m?/kg)(0.3608 kg/h) = 0.0003619 m*/h =8.7 Liday 
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15-59 


15-74 Wheat straw that is being considered as an alternative fuel is tested in a bomb calorimeter. The heating value of this 


straw is to be determined and compared to the higher heating value of propane. 


Assumptions 1 Combustion is complete. 
Analysis The heat released by the combustion is 


Q=mc,AT = (100 kJ/K).8 K) = 180 KJ 
The heating value is then 


yy = 2 — 180K) 


sae = 18,000 kJ/kg 
m  0.010kg 


From Table A-27, the higher heating value of propane is 
HHV = 50,330 kJ/kg 
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15-60 
Adiabatic Flame Temperature 


15-75C For the case of stoichiometric amount of pure oxygen since we have the same amount of chemical energy released 
but a smaller amount of mass to absorb it. 


15-76C Under the conditions of complete combustion with stoichiometric amount of air. 
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15-61 


15-77 @® Hydrogen is burned with 50 percent excess air during a steady-flow combustion process. The exit temperature 
of product gases is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under 
adiabatic conditions (Q = 0) with no work interactions (W = 0). Under steady-flow conditions the energy balance 


Ein — Eout = AE system applied on the combustion chamber reduces to 
> Nela; +h-h°), =X Nalh; +h-he), B 
—— 
The combustion equation of H, with 50% excess air is 27°C | Combustion | Products 
Air chamber Tp 
H, +0.75(0, +3.76N, )—>H,0 + 0.250, + 2.82N, sical 
50% excess air 
From the tables, 27°C 
hy h3o0k hags K 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
H, 0 8522 8468 
O, 0 8736 8682 
N2 0 8723 8669 
H:O (g) -241,820 9966 9904 
Thus, 


(1) 241,820 + hno — 9904)+ (0.25)(0 + ho, - 8682)+ (2.82)(0 + hy, - 8669) 
= (10 + 8522 — 8468) + (0.75)(0 + 8736 — 8682) + (2.82)(0 + 8723 — 8669) 
It yields 
hyo +0.25ho, + 2.82hy, = 278,590 kJ 
The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 278,590/(1 + 0.25 + 2.82) = 68,450 kJ/kmol. This 


enthalpy value corresponds to about 2100 K for N2. Noting that the majority of the moles are N}, Tp will be close to 2100 
K, but somewhat under it because of the higher specific heat of H,O. 


At 2000 K: hyo +0.25ho, +2.82hy, =(1)(82,593)+ (0.25)(67,881) + (2.82)(64,810) 
= 282,330 kJ (Higher than 278,590 kJ) 


At 1960 K: hyo + 0.25ho, +2.826hy, = (180,555) + (0.25\66,374) + (2.82\(63,381) 
= 275,880 kJ (Lower than 278,590 kJ) 


By interpolation, Tp = 1977K 


Discussion The adiabatic flame temperature cam be obtained by using EES without a trial and error approach. We found the 
temperature to be 1978 K by EES. The results are practically identical. 
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15-62 


EES 
15-78 Problem 15-77 is reconsidered. This problem is to be modified to include the fuels butane, ethane, methane, 
and propane as well as H2; to include the effects of inlet air and fuel temperatures; and the percent theoretical air supplied. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHy + (y/4 + x) (Theo_air/100) (O2 + 3.76 N2) 
<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x) (Theo_air/100) N2 + (y/4 + x) (Theo_air/100 - 1) O2 
T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " "The initial guess value of T_prod = 450K ." 
Procedure Fuel(Fuel$:x,y,Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$='C2H6' then 
x=2;y=6 
Name$="'ethane' 


else 
If fuel$='C3H8' then 
x=3; y=8 
Name$="'propane' 
else 
If fuel$='C4H10' then 
x=4; y=10 
Name$='butane' 
else 
if fuel$="CH4' then 
x=1; y=4 
Name$='methane' 
else 
if fuel$="H2' then 


x=0; y=2 
Name$="hydrogen' 
endif; endif; endif; endif; endif 
end 


{"Input data from the diagram window" 

T_fuel = 300 [K] 

T_air = 300 [K] 

Theo_air = 150 "%" 

Fuel$='H2'} 

Call Fuel(fuel$:x,y,Name$) 

HR=enthalpy(Fuel$,T=T_fuel)+ (y/4 + x) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(y/4 + x) *(Theo_air/100) 
*enthalpy(N2, T=T_air) 

HP=HR "Adiabatic" 
HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod) 
Moles_O2=(y/4 + x) *(Theo_air/100 - 1) 

Moles_N2=3.76*(y/4 + x)* (Theo_air/100) 

Moles_CO2=x; Moles_H20=y/2 

T[1]=T_prod; xa[1]=Theo_air "array variable are plotted in Plot Window 1" 
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Theogir Torod 
[%] [K] 
100 2528 
150 1978 
200 1648 
250 1428 
300 1271 
350 1153 
400 1060 
450 986.3 
500 925.5 


Tprod [K] 


2750 


2350 | 


= Calculated point 


15-63 


1950 


1550 


1150 


250 300 350 
Theo, ;, [%] 
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15-64 


15-79 Acetylene is burned with stoichiometric amount of oxygen. The adiabatic flame temperature is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis Under steady-flow conditions the energy balance Ej, —E out = AE system applied on the combustion chamber with 


Q=W= 0 reduces to 
YN pla; h-r), => welhy +h-h’), — X Noli; +h-h’), = Nah; g 

since all the reactants are at the standard reference temperature of 25°C. Then, for the stoichiometric oxygen 
C,H, +2.50, —~>2C0O, +1H,0 


From the tables, 
C2H2 


hy Nogek : 


ee 25°C 4 Combustion É Products 
ubstance 
kJ/kmol hamb 
eS ee i 100% theoretical O, C S Tp 
C-H; (g) 226,730 --- 25°C 
O2 0 8682 
N, 0 8669 
H,0 (g) -241,820 9904 
CO, -393,520 9364 
Thus, 


(D= 393,520 + coz — 9364) + (1)(— 241,820 + Ryo —9904)= (1)(226,730)+ 0 +0 


It yields 2hcoz + Ihyo =1,284,220 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,284,220/(2+1) = 428,074 kJ/kmol. The ideal gas 
tables do not list enthalpy values this high. Therefore, we cannot use the tables to estimate the adiabatic flame temperature. 
In Table A-2b, the highest available value of specific heat is cp = 1.234 kJ/kg:K for CO, at 1000 K. The specific heat of 
water vapor is Cp = 1.8723 kJ/kg-K (Table A-2a). Using these specific heat values, 


(2)(-393,520 +, AT )+ M- 241,820 + €, AT )=(1)(226,730)+ 0 +0 
where AT = (T,¢ — 25)°C. The specific heats on a molar base are 


Z ,co2 =CpM = (1.234 kJ/kg - K)(44 kg/kmol) = 54.3 kJ/kmol - K 
Z, mo =C,M = (1.8723 kJ/kg - K)(18 kg/kmol) = 33.7 kJ/kmol - K 


Substituting, 


(D= 393,520 + 54.3AT)+ (1)(— 241,820 + 33.7AT ) = 226,730 
(2x 54.3)AT + 33.7AT =1,255,590 
1,255,590 kJ/kmol 


= =8824K 
(2x 54.3 + 33.7) kI/kmol-K 


Then the adiabatic flame temperature is estimated as 


Typ = AT + 25 =8824 + 25 = 8849°C 
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15-65 


15-80 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined 
for both cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis Under steady-flow conditions the energy balance Ein — E yy = AE system applied on the combustion chamber with 


Q=W= 0 reduces to 
Enpa; h-r), => Nelhy +h-h’), — X Noli; +h’), = Nahi g 
since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air 


C,H; +a (O, +3.76N,) —93CO, +4H,O + ay, x3.76N, 


where dy, is the stoichiometric coefficient and is determined from the O, balance, 


CH 
Thus, — 
25°C | Combustion | Products 
C3H, +5(O, +3.76N,)—>3 CO, +4H,0+18.8N, Age | chamber Fr, 
From the tables, 100% 
h: Roos theoretical air 
f 
Substance kJ/kmol kJ/kmol 
CH; (9) -103,850 ze 
O, 0 8682 
N, 0 8669 
H2O (g) -241,820 9904 
CO, -393,520 9364 
Thus, 
(3)(~ 393,520 + hogy —9364)+ (4)(— 241,820 + fo —9904)+ (18.8)(0 + Aya — 8669)= (D= 103,850) + 0 + 0 
It yields 3hcoz + 4hy29 +18.8hx» = 2,274,680 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N2. Noting that the majority of the moles are N2, Tp will be close to 2650 K, 
but somewhat under it because of the higher specific heat of H,O. 


At 2500 K: 


3hcoz + 4hyo +18.8hyy = 3x 131,290 + 4 x 108,868 + 18.8 x 82,981 
= 2,389,380 kJ (Higher than 2,274,680 kJ) 


At 2450 K: 


3hcoz + 4h +18.8hyy = 3x 128,219 + 4 x 106,183 + 18.8 x 81,149 
= 2,334,990 kJ (Higher than 2,274,680 kJ) 


At 2400 K: 


3hcoz + 4hipo +18.8hy = 3 x 125,152 + 4 x 103,508 + 18.8 x 79,320 
= 2,280,704 kJ (Higher than 2,274,680 kJ) 
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At 2350 K: 


3hcoz + 4hy29 + 18.8hyy =3 x 122,091 + 4 x 100,846 + 18.8 x 77,496 
= 2,226,580 kJ (Lower than 2,274,680 kJ) 


By interpolation of the two results, 
Tp = 2394 K = 2121°C 


When propane is burned with 50% excess air, the reaction equation may be written as 
C,H, +1.5x ay, (O, +3.76N,)—>3CO, +4H,0+ 0.5 ay,0, +1.5 ay, x 3.76N 5 
where dy, is the stoichiometric coefficient and is determined from the O, balance, 


1.5a,, =3+2+0.5a,, — ay, =5 C3Hg 
— >| 


Thus, 25°C | Combustion 


Air chamber TÈ 
CH; +7.5(0, + 3.76N,)—>3CO, +4H,0 +2.50, +28.2N, 


50% excess air “=== 
25°C 


Products 


Using the values in the table, 


(3)(~ 393,520 + Aco — 9364) + (4)(~ 241,820 + fmo —9904)+ (2.5)(0 + Roz - 8682) 
+ (28.2)(0 + ys - 8669)= (1- 103,850) +0 + 0 


It yields 3hcoz + 4hipo + 2.5hg2 + 28.2hyy = 2,377,870 kJ 


15-66 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,377,870/(3+4+2.5+28.2) = 63,073 kJ/kmol. This 
enthalpy value corresponds to about 1960 K for N2. Noting that the majority of the moles are No, Tp will be close to 1960 K, 


but somewhat under it because of the higher specific heat of H,O. 


At 1800 K: 


3hcoz + 4hmo + 2.5hoz + 28.2hyy = 3 x 88,806 + 4 x 72,513 + 2.5 x 60,371 + 28.2 x 57,651 
= 2,333,160 kJ (Lower than 2,377,870 kJ) 


At 1840 K: 


3hcoz + 4hyno + 2.5hoz + 28.2hy =3x 91,196 + 4 x 74,506 + 2.5 x 61,866 + 28.2 x 59,075 
= 2,392,190 kJ (Higher than 2,377,870 kJ) 


By interpolation, 
Tp = 1830 K = 1557°C 
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15-81 Octane is burned with 40 percent excess air adiabatically during a steady-flow combustion process. The exit 
temperature of product gases is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and 
combustion gases are ideal gases. 3 Kinetic and potential energies are 
negligible. 4 There are no work interactions. 5 The combustion 


chamber is adiabatic. 


Analysis Under steady-flow conditions the energy balance 
applied on the combustion chamber 


Ein -E out =AE 


system 


with Q = W = 0 reduces to 


E npl; +h-h°), = Ngeh; +h-h’), 


since all the reactants are at the standard reference temperature of 25°C. Then, 


Products 


25°C | Combustion 
wig chamber É Tp 


—— 
30% excess air 
307°C 


CH; (1)+1.4ap (O3 +3.76N, )—8CO, + 9H,0 +0.4a4,05 + (1.4)3.76)ay,N> 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


1.4a p =8+4.5+0.4a,, — ay =12.5 


Thus, CgH;¢(g)+17.5(0, +3.76N , )——> 8CO, + 9H,0 +50, +65.8N, 


From the tables, 


hy Noo hssox 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
CgHig (I) -249,950 --- --- 
© 0 8682 17,290 
No 0 8669 16,962 
H-O (9) -241,820 9904 = 
CO, -393,520 9364 --- 
Thus, 
(8)(- 393,520 + Reg —9364)+ (9 241,820 + Ro —9904)+ (50+ Roz - 8682) 
+ (65.8)(0 + His -8669)= (1)(- 249,950)+ (17.50 + 17,290 - 8682 )+ (65.8)(16,962 — 8669) 
It yields Shcoz + Myo +5hoz + 65.8hy = 6,548,788 KJ 


15-67 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 6,548,788/(8 + 9 + 5 + 65.8) = 74,588 kJ/kmol. This 
enthalpy value corresponds to about 2250 K for N2. Noting that the majority of the moles are N2, Tp will be close to 2250 


K, but somewhat under it because of the higher specific heat of H,O. 
At 2100 K: 


Shcoz +9hmo +5ho2 + 65.8hy» = (8X106,864)+ (987,735) + (5X71,668)+ (65.8X68,417) 
= 6,504,706 kJ (Lower than 6,548,788 kJ) 


At 2150 K: 


8hcoz + Myo +5ho2 + 65.8hn2 = (8\109,898)+ (9)(90,330)+ (5)(73,573)+ (65.8X70,226) 
= 6,680,890 kJ (Higher than 6,548,788 kJ) 


By interpolation, 
Tp = 2113 K = 1840°C 
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15-68 


15-82 A certain coal is burned with 100 percent excess air adiabatically during a steady-flow combustion process. The 
temperature of product gases is to be determined for complete combustion and incomplete combustion cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Properties The molar masses of C, H2, N2, O2, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


mc _ 84.36kg 


Ne = 7.03 kmol 
Me 12kg/kmol 
ge Os Saas 84.36% C 
My  2kg/kmol 1.89% Hp 
4.40% O 
Nig, = Ot TOES 20 1375 etal ne 
Mo 32kg/kmol MGa Na 
0.89% S 
Nge Ne SE yim 7.83% ash 
My 28kg/kmol (by mass) 
A ORE E een 


Ms 32kg/kmol 
The mole number of the mixture and the mole fractions are 


N mn = 7.03 + 0.945 + 0.1375 + 0.0225 + 0.0278 = 8.163 kmol 


N .03 kmol 
yom ee O E iggi 
Nm 8.163 kmol eal 
oa 
N ——+| 
y, -Nm 0.945 kmol _ 9 5159 ~ er 
2 Npa  8.163kmol 25°C S0., O% No 
N al! kmol 9 ir ? Tro 
m 2 _0 i ° -0.01684 100% excess air piod 
Nm 8.163 kmo 25°C 
N : 
yn, = Naz _ 0.0225 kmol L 9 00276 
Nm 8.163 kmol 
N : 
ex s _ 0.0278 kmol _ 9 003407 
N 8.163 kmol 


m 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.8611C +0.1158H, + 0.016840 +0.00276N , + 0.003418 + 2a (O3 +3.76N>) 
—> x(0.97CO,, + 0.03CO) + yH,0 + ZSO, + kN, + 44,0, 


According to the species balances, 


C balance: x =0.8611 

H, balance: y=0.1158 

Sbalance: z=0.00341 

O, balance: 

0.01684 + 2a,, =0.97x+0.015x+0.5y+z+dy, 

Ay, = (0.97)(0.8611) + (0.015)(0.861 1) + (0.5)(0.1158) + 0.00341 — 0.01684 = 0.8927 


N, balance: 0.00276 + 2x 3.76a,, =k——k = 0.00276 + 2 x 3.76 x 0.8927 = 6.72 
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15-69 
Substituting, 
0.8611C + 0.1158H, + 0.016840, + 0.00276N, + 0.003407S + 1.785(0, + 3.76N,) 
——> 0.8353CO, + 0.0258CO + 0.1158H,0 + 0.00341SO, + 6.72N, + 0.89270, 


Under steady-flow conditions the energy balance Ej, — Ey = AE system applied on the combustion chamber with Q = W=0 


reduces to 
Enpa; h-r), = Nph; +h-h’), — X Noli; +h-h’), = Nahi g 


From the tables, 


hy Ryo8x 
Substance kJ/kmol kJ/kmol 
O, 0 8682 
Np 0 8669 
H2O (9) -241,820 9904 
co -110,530 8669 
CO; -110,530 8669 
Thus, 
(0.8353)(~ 393,520 + hcoz — 9364) + (0.0258)(- 110,530 + hco — 8669) + (0.1158)(- 241,820 + hno — 9904) 
+ (0.8927)(0 + hoy — 8682) + (6.72)(0 + hy» — 8669)= 0 
It yields 0.8353hcoz + 0.0258ħco + 0.1158hy29 +0.8927ho, + 6.72hy = 434,760 kJ 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 


434,760/(0.8353+0.0258+0.1158+0.00341+6.72+0.8927) = 50,595 kJ/kmol. 


This enthalpy value corresponds to about 1600 K for N2. Noting that the majority of the moles are N3, Tp will be close to 
1600 K, but somewhat under it because of the higher specific heat of H20. 


At 1500 K: 
0.8353h¢9) + 0.0258h¢9 + 0.1158hy 9 + 0.9095ho) + 6.842hy, 


= (0.8353)(71,078) + (0.0258)(47,517) + (0.1158)(57,999) + (0.8927)(49,292) + (6.72)(47,073) 
= 427,647 kJ (Lower than 434,760 kJ) 


At 1520 K: 


0.8353hco2 + 0.0258h¢9 + 0.1158hy59 + 0.9095ho + 6.842hy, 
= (0.8353)(72,246) + (0.0258)(48,222) + (0.1158)(58,942) + (0.8927)(50,024) + (6.72)(47,771) 
= 434,094 kJ (Lower than 434,760 kJ) 
By extrapolation, Tp = 1522 K = 1249°C 
We repeat the calculations for the complete combustion now: 
The combustion equation in this case may be written as 
0.8611C + 0.1158H, + 0.016840, + 0.00276N, + 0.003418 + 2a (O2 +3.76N,) 
— xCO, + yH O + zSO, + kN, +.4,,0, 


According to the species balances, 
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15-70 
C balance: x=0.8611 
H, balance: y=0.1158 
S balance: z = 0.00341 
O, balance: 


0.01684 + 2a =x +0.5y + z+ ay, — ap =0.8611 4+ (0.5)(0.1158) + 0.00341 — 0.01684 = 0.9056 
N, balance: 0.00276 + 2 x3.76a =k ——> k = 0.00276 + 2 x 3.76 x 0.9056 = 6.81 


Substituting, 
0.8611C +0.1158H, + 0.016840, + 0.00276N, + 0.003407S +1.819(0, +3.76N3) 
—— 0.8611CO, + 0.1158H,O + 0.00341SO, +6.81N, + 0.90560, 
Under steady-flow conditions the energy balance E;n —E out = AE system applied on the combustion chamber with Q = W=0 
reduces to 
YN play +h-h’), => Nghi; +h-h°), — X Nolh; +h-h°), = Nahi r 


From the tables, 


hy Nook 
Substance kJ/kmol kJ/kmol 
O, 0 8682 
Np 0 8669 
H:O (9) -241,820 9904 
co -110,530 8669 
co, 0 8682 
Thus, 
(0.8611)(- 393,520 + hcoz - 9364) + (0.1158)(- 241,820 + huo — 9904) 
+ (0.9056)(0 + hoz — 8682) + (6.81)(0 + hyp — 8669)=0 
It yields 0.861 1hcoz + 0.1158hy 9 +0.9056ho + 6.81hy> = 442,971 KJ 


The product temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-hand side 
of the equation by the total number of moles, which yields 


442,971/(0.8611+0.1158+0.00341+6.81+0.9056) = 50,940 kJ/kmol. 


This enthalpy value corresponds to about 1600 K for N2. Noting that the majority of the moles are N2, Tp will be close to 
1600 K, but somewhat under it because of the higher specific heat of H20. 


At 1500 K: 


0.861 1heoy + 0.1158hy 9 + 0.9056ho2 + 6.81hy2 
= (0.8611)(71,078) + (0.1158)(57,999) + (0.9056)(49,292) + (6.81)(47,073) 
= 433,128kJ (Lower than 442,971 kJ) 


At 1520 K: 


0.861 1hegy + 0.1158hy 9 + 0.9056ho, + 6.81hy> 
= (0.8611)(72,246) + (0.1158)(58,942) + (0.9056)(50,024) + (6.81)(47,771) 
= 439,658kJ (Lower than 442,971 kJ) 


By extrapolation, Tp = 1530 K = 1257°C 
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15-71 
15-83 A mixture of hydrogen and the stoichiometric amount of air contained in a constant-volume tank is ignited. The final 
temperature in the tank is to be determined. 


Assumptions 1 The tank is adiabatic. 2 Both the reactants and products are ideal gases. 3 There are no work interactions. 4 
Combustion is complete. 


Analysis The combustion equation of H, with stoichiometric amount of air is 


H, + 0.5(O, + 3.76N,)——> H,O +1.88N, Hp, AIR 
The final temperature in the tank is determined from the energy balance relation 25°C, 1 atm 
Ein — Eout = AE system for reacting closed systems under adiabatic conditions (Q = 0) 


Tp 


with no work interactions (W = 0), 
E npl; +h-h° - Pa), =Y Ngh; +h—-h” - Pa), 


Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the Pv terms in this equation can be replaced by R,T. 


It yields 
> Nolh; + hr, — hs x -R,7), =YiNalhFRT), 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


hy hogg K 

Substance kJ/kmol kJ/kmol 

H, 0 8468 

O> 0 8682 

N> 0 8669 

H-O (g) -241,820 9904 
Thus, 

(1) 241,820 + hu, o -9904 -8.314x Tp )+ (1.880 + hy, -8669 -8.314xTp ) 

= (1X0 -8.314x 298)+ (0.50 -8.314 x 298)+ (1.880 -8.314x 298) 

It yields hao + 188hy, — 23.94 x Tp = 259,648 kJ 


The temperature of the product gases is obtained from a trial and error solution, 


At 3050 K: hyo +1.88hy, —23.94xTp = (1)(139,051)+ (1.88X103,260)- (23.943050) 
= 260,163 kJ (Higher than 259,648 kJ) 


At 3000 K: hyo + 1.88hy, -23.94xTp = (1(136,264)+ (1.88 101,407)— (23.94)(3000) 
= 255,089 kJ (Lower than 259,648 kJ) 


By interpolation, Tp = 3045K 
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15-84 Methane is burned with 300 percent excess air adiabatically in a constant volume container. The final pressure and 
temperature of product gases are to be determined. 


Assumptions 1 Air and combustion gases are ideal gases. 3 Kinetic and potential energies are negligible. 4 There are no 
work interactions. 5 The combustion chamber is adiabatic. 


Analysis The combustion equation is 
CH, + 4a [O +3.76N,|——> CO, + 2H,0 + 4ay, x3.76N, +3a,,05 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


Air + CH4 
25°C, 100 kPa 


4a,, =1+1+3a,y, —— ay, =2 


Tp 


Substituting, CH, +8[0, +3.76N,|——>CO, +2H,0+30.08N, +60, 
For this constant-volume process, the energy balance E;n — E out = AE system applied on the combustion chamber with 
Q =W= 0 reduces to 

S Np (hy +h-h° -Pu), =Y Ng (hy +h-h°-Pu), 
Since both the reactants and products are assumed to be ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields 


S\N phy +h-h°-R,T), = > Ngh; +h-h°-R,T) 


From the tables, 
hy hog 
Substance kJ/kmol kJ/kmol 
CH, (9) -74,850 kg 
o 0 8682 
N, 0 8669 
H20 (9) -241,820 9904 
CO, -393,520 9364 
Thus, 


(1)(- 393,520 + Roos -9364 —8.314xT, }+ (2)(- 241,820 + hino —9904-8.314xT, ] 
+(6)(0 + Roz -8682 -8.314xT,, } + (30.08)(0 + hys -8669 -8.314xT, ) 
= (1(— 74,850 — 8.314 x 298) + (8)(0 — 8.314 x 298) + (30.08)(-8.314 x 298) 

Ityields  ħcoz + 2ħmo + 6ħoz + 30.08hyy 324.97, =-171,674 + 1,219,188 = 1,047,514 KJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess may be obtained by assuming all 
the products are nitrogen and using nitrogen enthalpy in the above equation. That is, 


39.08hy) —324.9T,, = 1,047,514 kJ 


An investigation of Table A-18 shows that this equation is satisfied at a temperature close to 1200 K but it will be somewhat 
under it because of the higher specific heat of H,O. 


ere (48,258) +(2)(40,071) + (6)(34,899) + (30.08)(33,426) — (324.9)(1100) = 985,858 


(Lower than 1,047,514 kJ) 
eects (53,848) + (2)(44,380) + (6)(38,447) + (30.08)(36,777) — (324.9)(1200) = 1,089,662 
(Higher than 1,047,514 kJ) 
By interpolation, Tp = 1159 K 


The volume of reactants when 1 kmol of fuel is burned is 


RT 
V = Vere + Voie = (Nine: + Nain) = = (1+ 38.08) pao mel ee fmol E228.) 
P 101.3kPa 


=955.8m°> 


The final pressure is then 


R,T 
P = N oa = = (39.08 kmol) Geen < 2K) _ 394 kPa 
4 955.8m 
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15-73 


Entropy Change and Second Law Analysis of Reacting Systems 


15-85C Assuming the system exchanges heat with the surroundings at To, the increase-in-entropy principle can be 
expressed as 


2 -Q 
Seed = $ Np5p -9 aia + T 


15-86C By subtracting Rln(P/Po) from the tabulated value at 1 atm. Here P is the actual pressure of the substance and Po is 
the atmospheric pressure. 


15-87C It represents the reversible work associated with the formation of that compound. 


15-88 Hydrogen is burned steadily with oxygen. The reversible work and exergy destruction (or irreversibility) are to be 
determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis The combustion equation is 
2H, +10, ——>2H,0. 


The H,, the O,, and the H,O are at 25°C and 1 atm, which is the standard reference state and also the state of the 
surroundings. Therefore, the reversible work in this case is simply the difference between the Gibbs function of formation 
of the reactants and that of the products, 
= = —. #0 —. 0 =; = 
Wev = > NG pr » NpG 5p =Nu,9pu, +No,97.0, —Nu,o9 74,0 =—Nu,09 7.y,0 
= -(2 kmol)(— 237,180 kJ/kmol) = 474,360 kJ (for 2 kmol of H3) 
since the oF of stable elements at 25°C and | atm is zero. Therefore, 474,360 kJ of work could be done as 2 kmol of H; is 


burned with 1 kmol of O, at 25°C and 1 atm in an environment at the same state. The reversible work in this case 
represents the exergy of the reactants since the product (the H20) is at the state of the surroundings. 


This process involves no actual work. Therefore, the reversible work and exergy destruction are identical, 
X destruction = 474,360 kJ (for 2 kmol of H2) 


We could also determine the reversible work without involving the Gibbs function, 


Wev = X` Ne(hy +h -0° -5), -Y Noli; +h-h°— 7,3), 
= > Nalhi e) - = Np (h; snah 


= Ny, fn f -15 h, +No, fn; shsh = Nyok? STs jÀ 


H xe) 


Substituting, 
We =(2\(0 — 298 x 130.58) + (10 — 298 x 205.03) — (2— 285,830 — 298 x 69.92) = 474,400 kJ 


which is almost identical to the result obtained before. 
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15-74 
15-89 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy generation, and 
the exergy destruction (or irreversibility) are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, No, and 
some free O2. Considering 1 kmol of C2H4, the combustion equation can be written as 


C5H,(g)+1.2ay,(O, +3.76N,)—> 2CO, + 2H,0 + 0.2a4,05 + (1.2X3.76)ay,N> 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


1.2a,, =2+1+0.2ay, —> ay, =3 CoH, ¥~+ 
——] 
Thus, 25°C 4 Combustion |; Products 
C,H,4(g)+3.6(0, +3.76N,)—> 2CO, + 2H,0 + 0.60, +13.54N, Air 4 chamber / 7, 
20% excess air 


Under steady-flow conditions, the exit temperature of the product gases 
can be determined from the steady-flow energy equation, which reduces 


to 
Eneli; + Heh) = S Neh; r = (Ni; n, 


since all the reactants are at the standard reference state, and for O, and N>. From the tables, 


25°C 


h; hs K 

Substance kJ/kmol kJ/kmol 
CoH; (9) 52,280 sT 

o 0 8682 

No 0 8669 
H,O (9) -241,820 9904 
CO, -393,520 9364 

Substituting, 


(2)(-393,520+ feo, — 9364+ (2)(-241,820+ hyo -9904) 
+(0.6)(0+ io, -8682)+(13.54)(0-+hy, -8669)= (1)(52,280) 


or, 2hco, +2hy,0 + 0.6ho, +13.54hy, = 1,484,083 kJ 


By trial and error, 
Tp = 2269.6 K 


(b) The entropy generation during this adiabatic process is determined from 


Sgen = Sp — Sp = NpSp— > Nea 


The C-H; is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol:K (Table A-26). The entropy values listed 
in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, but the 
entropies are to be calculated at the partial pressure of the components which is equal to P; = yi Prota, where y; is the mole 
fraction of component i. Also, 


Si =N;5,(T,P,)=N; (5° (T, Py )—R, In(y;P, )) 
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The entropy calculations can be presented in tabular form as 


15-75 


N; Yi s; (T,1atm) R,In(y Pin ) Nis; 
CoH, 1 1.00 219.83 Ea 219.83 
O, 3.6 0.21 205.14 -12.98 784.87 
Np 13.54 0.79 191.61 -1.96 2620.94 
Sr = 3625.64 kJ/K 
CO; 2 0.1103 316.881 -18.329 670.42 
H20 2 0.1103 271.134 -18.329 578.93 
O, 0.6 0.0331 273.467 -28.336 181.08 
N2 13.54 0.7464 256.541 -2.432 3506.49 
Sp = 4936.92 kJ/K 
Thus, 
Scen = Sp — Spg = 4936.92 — 3625.64 = 1311.28 kJ/kmol- K 
and 
(c) X destroyed = ToS gen = (298 K \(1311.28 kJ/kmol-K C,H 4 )= 390,760 kJ (per kmol C,H,) 
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15-90 Liquid octane is burned steadily with 50 percent excess air. The heat transfer rate from the combustion chamber, the 
entropy generation rate, and the reversible work and exergy destruction rate are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, No, and 
some free O2. Considering 1 kmol CgHjs, the combustion equation can be written as 


CgHig(¢) + 1-5ay, (O3 + 3.76N, )——> 8CO, + 9H,0 + 0.5a4,05 + (1.5)(3.76)ay,N> 
where ap is the stoichiometric coefficient and is determined from the O, balance, 

1.5ay, =8+4.5+0.5a,, —> ay, =12.5 
Thus, 

CH, 9(¢)+18.75(0, +3.76N,) —> 8CO, +9H,0+ 6.250, +70.5N) 


Under steady-flow conditions the energy balance Ein — Eou = AE applied on the combustion chamber with W = 0 


system 


reduces to 
-Qu => Nplh; +h-h°), -X Ng (ag +h-h°), =Y Nph; p-Y Ngh; pr 


since all of the reactants are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 
From the tables, 


To =298 K 


h; Q 

pubetance kJ/kmol CHis (9 

CsHis (4) -249,950 25°C | Combustion | Products 

O> 0 Ait chamber 25°C 
meee 

N2 0 50% excess air 

H-O (1) -285,830 23C 

CO, -393,520 

Substituting, 


-Qon = (8)(-393,520) + (9(-285,830) + 0 + 0 — (I(-249,950)—0 - 0 = -5,470,680 kI/kmol of CgH;ş or 
Qout = 5,470,680 KJ/kmol of Cs Hig 


The CgHjs is burned at a rate of 0.25 kg/min or 


7 m 0.25 kg/min 3 | 
AR =2.193x10 kmol 
M [(8X12)+ (1 8X1)] kg/kmol 93x10 kmol/min 


Thus, 
Qot = NQout = (2.193 x107 kmol/min (5,470,680 kJ/kmol)= 11,997 kJ/min 


The heat transfer for this process is also equivalent to the enthalpy of combustion of liquid CgH;s, which could easily be de 
determined from Table A-27 to be he = 5,470,740 kJ/kmol CgH)¢. 


(b) The entropy generation during this process is determined from 


Q a -Q 
Sgen = Sp — Sp + > Seen = > Np5p - | Npip + 
T, Toure 


surr 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-77 
The CgHjs is at 25°C and 1 atm, and thus its absolute entropy is SC,H,, = 360.79 kJ/kmol.K (Table A-26). The entropy 


values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of | atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P; = yj; Prota, where y; is the 
mole fraction of component i. Also, 


S; = N;5;(T,P,)= N, (5; (T, P,)-R, In(y; Pp )) 


The entropy calculations can be presented in tabular form as 


N; Yi S; (T,1atm) R,In(y;P,,) N;s; 
CgHig 1 1.00 360.79 --- 360.79 
O, 18.75 0.21 205.14 -12.98 4089.75 


N2 70.50 0.79 191.61 -1.96 13646.69 
Sr = 18,097.23 kJ/K 


CO, 8 0.0944 213.80 -19.62 1867.3 
HO (4) 9 s 69.92 m 629.3 
O; 6.25 0.0737 205.04 -21.68 1417.6 


N2 70.50 0.8319 191.61 -1.53 13,616.3 
Sp = 17,531 kJ/K 


Thus, 


S aeS —Sp + Sa = 17,531-18,097 + 


surr 


5,470,523 kJ 


= 17,798 kJ/kmol -K 
298 K 


and 
Sgen = ÑS pen = (2.193 107 kmol/min\17,798 kJ/kmol -K )= 39.03 kJ/min-K 


(c) The exergy destruction rate associated with this process is determined from 


X destroyed = ToS gen = (298 K)(39.03 kJ/min -K)=11,632 kJ/min = 193.9 kW 


gen 
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15-91E Benzene gas is burned steadily with 90 percent theoretical air. The heat transfer rate from the combustion chamber 
and the exergy destruction are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and the combustion gases are ideal gases. 3 Changes in kinetic and 
potential energies are negligible. 


Analysis (a) The fuel is burned with insufficient amount of air, and thus the products will contain some CO as well as CO3, 


Q 


H2O, and N>. The theoretical combustion equation of CH, is 


CHo + ap (O, + 3.76N, )——> 6CO, +3H,0 + 3.76a,,N5 ču 
6il6 


n iG is the stoichiometric coefficient and is determined from the O3 77°F | Combustion | Products 
l Air | chamber | 1900R 
dy, =6+1.5=7.5 — 
90% theoretical 
Then the actual combustion equation can be written as 77°F 


CH, +(0.90X7.5)(0, +3.76N, )—> xCO, + (6— x)CO+3H,0+ 25.38N, 
The value of x is determined from an O, balance, 

(0.90X7.5)= x +(6—xV/2+1.5 —> x=4.5 
Thus, 

C,H, + 6.75(0,, +3.76N, )——> 4.5CO,, + 1.5CO + 3H,0 + 25.38N, 


Under steady-flow conditions the energy balance Ein — Egy; = AE system applied on the combustion chamber with W = 0 


reduces to 
-Qu = DN pli +h-h°) -Y Ngh; +h-h°) = YN p(t; +A’), -Y Nahe 


since all of the reactants are at 77°F. Assuming the air and the combustion products to be ideal gases, we have h = h(T). 


From the tables, 
hy ħs37R hyooor 
wages Btu/Ibmol Btu/Ibmol Btu/Ibmol 
CoHe (g) 35,680 --- --- 
O, 0 3725.1 14,322 
N2 0 3729.5 13,742 
H2O (g) -104,040 4258.0 16,428 
co -47,540 3725.1 13,850 
CO, -169,300 4027.5 19,698 
Thus, 


— Qour = (4.5)\(— 169,300 + 19,698 — 4027.5) + (1.5)(— 47,540 + 13,850 — 3725.1) 
+ (3X— 104,040 + 16,428 — 4258) + (25.38)(0 + 13,742 — 3729.5) —(1)(35,680)— 0 —0 
= -804,630 Btullbmol of C,H, 


(b) The entropy generation during this process is determined from 


Q = =Q 
Syen = Sp- Spt 2 = S Nesp - > Nedp + = 


surr surr 
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15-79 
The C¢Hg is at 77°F and 1 atm, and thus its absolute entropy is SCH, = 64.34 Btu/Ibmol-R (Table A-26E). The entropy 


values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, 
but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y; Prota, where y; is the 
mole fraction of component i. Also, 


S; = N;5;(T, P,)= N; (5; (T, P,)-R, In(y; P, ) 


The entropy calculations can be presented in tabular form as 


N; yi s; (T,1atm) R„ln(y;P, ) N;S; 
C6H6 1 1.00 64.34 --- 64.34 
O2 6.75 0.21 49.00 -3.10 351.68 
N2 25.38 0.79 45.77 -0.47 1173.57 

Sr = 1589.59 Btu/R 

CO, 4.5 0.1309 64.999 -4.038 310.67 
CO 1.5 0.0436 56.509 -6.222 94.10 
H,0 (g) 3 0.0873 56.097 -4.843 182.82 
N2 25.38 0.7382 54.896 -0.603 1408.56 


Sp = 1996.15 Btu/R 


Thus, 


Saan = Sp — Sp + Ê -1996.15 — 1589.59 + 
T 


surr 


A 1904.9 Btu/R 


Then the exergy destroyed is determined from 


X destroyed = ToS gen = (537 R (1904.9 Btu/lbmol - R )= 1,022,950 Btu/R (per Ibmol C,H, ) 
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15-92 @® Liquid propane is burned steadily with 150 percent excess air. The mass flow rate of air, the heat transfer rate 
from the combustion chamber, and the rate of entropy generation are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Properties The molar masses of C3Hg and air are 44 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, No, and 
some free O2. Considering | kmol of C3Hg, the combustion equation can be written as 


C,H (l) + 2.5a,, (O3 + 3.76N, )——> 3CO, + 4H,0 + 1.5a4,0, + (2.5)3.76)ay,N> 
where di, is the stoichiometric coefficient and is determined from the O, balance, 

2.5ap =3+2+1.5a,, — ay, =5 
Substituting, 

C3H,(¢)+12.5(O, + 3.76N, )——> 3CO, + 4H,0 + 7.50, +47N, 


The air-fuel ratio for this combustion process is 


E a= (12.5x 4.76 kmol)(29 kg/kmol) 


| ER) CEG Se) WE PERE CEE PE) 39.2 kg air/kg fuel 
Met (3 kmol\12 kg/kmol)+ (4 kmol)(2 kg/kmol) g air/kg fue 


Thus, 
Mair = (AF ge )= (39.2 kg air/kg fuel)(0.4 kg fuel/min) = 15.7 kg air/min 


(b) Under steady-flow conditions the energy balance E;n — Egy, = AE system applied on the combustion chamber with W = 0 


reduces to 
= Qout = > Nolhy +h-h), DIAT: +h-h°), 
Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, (The h r of liquid 


propane is obtained by adding the hy, at 25°C to h f Of gaseous propane). 


h; hoss K hog K hivoo K 
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol 
CH; (4) -118,910 --- --- --- 
O 0 8296.5 8682 38,447 
Np 0 8286.5 8669 36.777 
H20 (9) -241,820 = 9904 44,380 
co, -393,520 z 9364 53,848 


Thus, 


-Q ut = (X—393,520 + 53,848 - 9364) + (4\(-241,820 + 44,380 — 9904) 
+ (7.50 +38,447 —8682)+ (47 X0 +36,777 —8669)—(1)(—118,910 + hyog — hzog ) 
— (12.50 + 8296.5 — 8682)- (47 (0 + 8286.5 - 8669) 
= —190,464 kJ/kmol of C,H, 


Thus 190,464 kJ of heat is transferred from the combustion chamber for each kmol (44 kg) of propane. This corresponds to 
190,464/44 = 4328.7 kJ of heat transfer per kg of propane. Then the rate of heat transfer for a mass flow rate of 0.4 kg/min 
for the propane becomes 
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15-81 


Qout = Mo, = (0.4 kg/min\4328.7 kJ/kg) = 1732 kJ/min 


(c) The entropy generation during this process is determined from 


Qou mt = Qou 
Spa = Sp- Spt E > Neip - > Nake + 


The C3Hg is at 25°C and 1 atm, and thus its absolute entropy for the gas phase is Soy, = 269.91 kJ/kmol-K (Table A-26). 


IT 


Then the entropy of C3Hg(¢) is obtained from 


15,060 
SCH, Ge SCH, (g)-s y = SCH; Oi = 269.91 — 3 = 219.4 kJ/kmol-K 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = yi 
Pioa, Where y; is the mole fraction of component i. Then, 


S; = N;5;(T,P,)= N; (5; (T,P,)-R, In(y; P, ) 


The entropy calculations can be presented in tabular form as 


N; Yi S; (T,1atm) R„ln(y;P, ) Nis; 

C3Hg 1 --- 219.40 --- 219.40 

(07) 12.5 0.21 203.70 -12.98 2708.50 

N2 47 0.79 190.18 -1.96 9030.58 

Sr = 11,958.48 kJ/K 

CO, 3 0.0488 279.307 -25.112 913.26 

H20 (g) 4 0.0650 240.333 -22.720 1052.21 

(0%) 7.5 0.1220 249.906 -17.494 2005.50 

N, 47 0.7642 234.115 -2.236 11108.50 


Sp = 15,079.47 kJ/K 


Thus, 


5. Sp Sp +20 = 15,079.47- 1195848+ 


surr 


190,464 
~ 64 _ 3760.1 kI/K (per kmol C3H,) 


Then the rate of entropy generation becomes 


Seen = (N Sen )= (4 kmol/min (3760.1 kJ/kmol-K) = 34.2 kJ/min-K 
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> 
15-93 Problem 15-92 is reconsidered. The effect of the surroundings temperature on the rate of exergy destruction is 
to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


Fuel$ = 'Propane (C3H8)_liq' 

T_fuel = (25 + 273.15) "[K]" 

P_fuel = 101.3 [kPa] 

m_dot_fuel = 0.4 [kg/min]*Convert(kg/min, kg/s) 
Ex = 1.5 "Excess air" 

P_air = 101.3 [kPa] 

T_air = (12+273.15) "[K]" 

T_prod = 1200 [K] 

P_prod = 101.3 [kPa] 

Mw_air = 28.97 "Ibm/lbmol_air" 
Mw_C3H8=(3*12+8*1) "kg/kmol_C3H8" 
{TsurrC = 25 [C]} 

T_surr = TsurrC+273.15 "[K]" 


"For theoretical dry air, the complete combustion equation is" 
"C3H8 + A_th(O2+3.76 N2)=3 CO2+4 H20 + A_th (3.76) N2" 


2*A_th=3*2+4*1"theoretical O balance" 


"The balanced combustion equation with Ex%/100 excess moist air is" 
"C3H8 + (1+EX)A_th(O2+3.76 N2)=3 CO2+ 4 H2O + (1+Ex) A_th (3.76) N2+ Ex( A_th) 02" 


"The air-fuel ratio on a mass basis is:" 
AF = (1+Ex)*A_th*4.76*Mw_air/(1*Mw_C3H8) "kg_air/kg_ fuel" 


"The air mass flow rate is:" 
m_dot_air = m_dot_fuel * AF 


"Apply First Law SSSF to the combustion process per kilomole of fuel:" 
E_ in-E_ out = DELTAE_cv 
E_in=HR 


"Since EES gives the enthalpy of gasesous components, we adjust the 

EES calculated enthalpy to get the liquid enthalpy. Subtracting the enthalpy 

of vaporization from the gaseous enthalpy gives the enthalpy of the liquid fuel. 
h_fuel(liq) = h_fuel(gas) - h_fg_fuel" 

h_fg_fuel = 15060 "kJ/kmol from Table A-27" 

HR = 1*(enthalpy(C3H8, T=T_fuel) - h_fg_fuel)+ (1+Ex)*A_th*enthalpy(O2,T=T_air)+(1+Ex)*A_th*3.76 
*enthalpy(N2, T=T_air) 

E out=HP+Q out 
HP=3*enthalpy(CO2,T=T_prod)+4*enthalpy(H20,T=T_prod)+(1+Ex)*A_th*3.76* 
enthalpy(N2,T=T_prod)+Ex*A_th*enthalpy(O2,T=T_prod) 

DELTAE_cv = 0 "Steady-flow requirement" 


"The heat transfer rate from the combustion chamber is:" 
Q_dot_out=Q_out"kJ/kmol_fuel"/(Mw_C3H8 "kg/kmol_fuel")*m_dot_fuel"kg/s" "kW" 


"Entopy Generation due to the combustion process and heat rejection to the surroundings:" 


"Entopy of the reactants per kilomole of fuel:" 

P_O2_reac= 1/4.76*P_air "Dalton's law of partial pressures for O2 in air" 
s_O2_reac=entropy(O2,T=T_air,P=P_O2_reac) 

P_N2_reac= 3.76/4.76*P_air "Dalton's law of partial pressures for N2 in air" 
s_N2_reac=entropy(N2,T=T_air,P=P_N2_reac) 
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s_C3H8_reac=entropy(C3H8, T=T_fuel,P=P_fuel) - s_fg fuel "Adjust the EES gaseous value by s_ fg” 
"For phase change, s_fg is given by:" 

s_fg_fuel = h_fg_fuel/T_fuel 

SR = 1*s_C3H8_reac + (1+Ex)*A_th*s_O2_reac + (1+Ex)*A_th*3.76*s_N2_reac 


"Entopy of the products per kilomle of fuel:" 

"By Dalton's law the partial pressures of the product gases is the product 
of the mole fraction and P_prod" 

N_prod = 3 + 4 + (1+Ex)*A_th*3.76 + Ex*A_th "total kmol of products" 
P_O2_prod = Ex*A_th/N_prod*P_prod "Patrial pressure O2 in products" 
s_O2_prod=entropy(O2,T=T_prod,P=P_O2_prod) 

P_N2_prod = (1+Ex)*A_th*3.76/N_prod*P_prod "Patrial pressure N2 in products" 
s_N2_prod=entropy(N2,T=T_prod,P=P_N2_prod) 

P_CO2_prod = 3/N_prod*P_prod "Patrial pressure CO2 in products" 
s_CO2_prod=entropy(CO2, T=T_prod,P=P_CO2_prod) 

P_H2O_prod = 4/N_prod*P_prod "Patrial pressure H2O in products" 
s_H2O_prod=entropy(H2O, T=T_prod,P=P_H2O_ prod) 


SP = 3*s_CO2_prod + 4*s_H20_prod + (1+Ex)*A_th*3.76*s_N2_prod + Ex*A_th*s_O2_prod 


"Since Q_out is the heat rejected to the surroundings per kilomole fuel, 
the entropy of the surroundings is:" 
S_surr = Q_out/T_surr 


"Rate of entropy generation:" 
S_dot_gen = (SP - SR +S_surr)"kJ/kmol_fuel"/(Mw_C3H8 "kg/kmol_fuel")*m_dot_fuel"kg/s" "kW/K" 
X_dot_dest = T_surr*S_dot_gen"[kW]" 


TsurrC Xaest 177.5 aE E iee ' ' 

[C] [kW] t | 
0 157.8 

4 159.7 173.5- J 
8 161.6 | ] 
12 163.5 = 

16 165.4 = 169.5} 4 
20 167.3 = | ] 
24 169.2 z 

28 171.1 £ 165.5} + 
32 173 >< | | 
36 174.9 

38 175.8 161.5+ 4 


0 5 10 15 20 25 30 35 40 
TsurrC [C] 
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15-94 Liquid octane is burned steadily with 70 percent excess air. The entropy generation and exergy destruction per unit 
mass of the fuel are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Properties The molar masses of CgHjx and air are 114 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, N2, and some 
free O2. Considering 1 kmol CsHıs, the combustion equation can be written as 


CgHig(¢)+ 1.7ay, (O2 + 3.76N , )——> 8CO,, + 9H0 + 0.74405 + (1.73.76 )ay,N> 


where ap is the stoichiometric coefficient and is CsHis (2) 
determined from the O, balance, ——> 

25°C | Combustion 
chamber 1500 K 


Products 
1.7ay, =8+4.5+0.7a,, —— ay, =12.5 


Air 
Th —_— 
70% excess air 
CgHy¢(¢)+21.25(0, +3.76N,) ——> 8CO, +9H,0 +8.750, + 79.9N, 600 K 
(b) Under steady-flow conditions the energy balance E;n — Ey = AE system applied on the combustion chamber with W = 0 


reduces to 
-Qui = Š Np (hy +h-h°) -Y Nela; +h-h° h 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


h; Doggk Roook hisoox 
substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol 
CsHis (4) -249,950 --- --- --- 

O 0 8682 17,929 49,292 
Np 0 8669 17,563 47,073 
H,0 (9) -241,820 9904 ee 57,999 
CO, -393,520 9364 D 71,078 


Thus, 


— Qout = (8 X- 393,520 + 71,078 — 9364) + (9)(— 241,820 + 57,999 — 9904) 
+ (8.75\(0 + 49,292 — 8682) + (79.90 + 47,073 — 8669) — (1)(— 249,950) 
— (21.250 + 17,929 — 8682)— (79.9)(0 + 17,563 — 8669) 
= -1,631,335 kJ/kmol of CH g 


The entropy generation during this process is determined from 


Qout 
Tu 


Qou ae rm 
Sioa = Sp Spt =J Nesp- N aie + 


rr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of Pm = 600 kPa (=600/101.325=5.92 atm), but the entropies are to be calculated at the partial pressure of the 
components which is equal to P; = yi Piota, where y; is the mole fraction of component i. Then, 


S; =N,5,(T,P,)=N, (5; (T, P,)-R, In(y;P,,)) 
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The entropy calculations can be presented in tabular form as 


Ni Yi S; (T,1atm) R„ln(y;P, ) N;S; 

CsHig 1 --- 466.73 14.79 451.94 

O2 21.25 0.21 226.35 1.81 4771.48 

N2 79.9 0.79 212.07 12.83 15,919.28 

Sr = 21,142.70 kJ/K 

CO, 8 0.0757 292.11 -6.673 2390.26 

H,0 (g) 9 0.0852 250.45 -5.690 2305.26 

O, 8.75 0.0828 257.97 -5.928 2309.11 

N2 79.9 0.7563 241.77 12.46 18,321.87 


Sp = 25,326.50 kJ/K 


Thus, 


Soa Sp = Sy Qout L 25,326.50 — 21,142.70 + 2031335 _ 9658.1 KJ/K (per kmol C,H) 
298 


surr 


The exergy destruction is 
X dest = ToS gen = (298)(9658.1 kKJ/K) = 2,878,114 KJ/K (per kmol CH; ) 


The entropy generation and exergy destruction per unit mass of the fuel are 


S ; 
gee = 2608 TKI bol _ 94.79 KaIK kg GHn 


Sien 
M feet 114kg/kmol 


X dest 2,878,114 KJ/K -kmol 
M fret 114 kg/kmol 
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15-95 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of 
work that can be produced by this engine is to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, N2, and some 
free O2. Considering 1 kmol CH3;OH the combustion equation can be written as 


CHOH + 3a p (O3 +3.76N, )——>CO, + 2H,0 + 2ay,0) +3ay, x 3.76N> 
Qout 


where ay is the stoichiometric coefficient and is determined 


from the O, balance, CH;,0H 
25°C Products 
0.5+3a,y, =1+1+2a,, —> ap =1.5 
200% excess air TIG 


Thus, 


25°C 
CHOH + 4.5(0, +3.76N, )—> CO, + 2H,0 +30, +16.92N, 


Under steady-flow conditions the energy balance E;n — E out = AE applied on the combustion chamber with W = 0 


out system 


reduces to 
-Qu = X Nplhy +h-h°) -X Neli; +h -hh 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


hy Nook h3sox 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
CH30H -200,670 --- aus 
O, 0 8682 10,213 
N2 0 8669 10,180 
H,0 (g) -241,820 9904 11,652 
CO, -393,520 9364 11,351 


Thus, 


— Qut = (1) 393,520 + 11,351 — 9364) + (2 X- 241,820 + 11,652 — 9904) 
+ (3X0 + 10,213 — 8682) + (16.92)(0 + 10,180 — 8669) — (1)(— 200,670) 
= —663,550 kJ/kmol of fuel 


The entropy generation during this process is determined from 


Q s =. Q 
S = Sp- Sr +2 =D) Np5p— NaS to 


surr surr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = yi 
Pioa, Where y; is the mole fraction of component i. Then, 


S; = N;5;(T, P,)= N; (5; (T, P,)-R, in(y;P,,)) 
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The entropy calculations can be presented in tabular form as 
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N; yi s; (T,1atm) R„ln(y;Pm ) Nis; 
CHOH 1 _-- 239.70 --- 239.70 
O, 4.5 0.21 205.04 -12.98 981.09 
N 16.92 0.79 191.61 -1.960 3275.20 
Sr = 4496 KJ/K 
CO, 1 0.0436 219.831 -26.05 245.88 
H,0 (g) 2 0.0873 194.125 -20.27 428.79 
O, 3 0.1309 209.765 -16.91 680.03 
N: 16.92 0.7382 196.173 -2.52 3361.89 
Sp = 4717 KJ/K 
Thus, 
S Sat 4717 — 4496 + 003990 _ 2448 KJ/K (per kmol fuel) 


surr 
The maximum work is equal to the exergy destruction 


Wnax = X dest = Ty Suen = (298)(2448 KJ/K) = 729,400 KJ/K (per kmol fuel) 


max 


gen 


Per unit mass basis, 


w,. = 29400 KK kmol _ 32 794 kJ/kg fuel 


R 32 kg/kmol 
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Review Problems 


15-96 A sample of a certain fluid is burned in a bomb calorimeter. The heating value of the fuel is to be determined. 
Properties The specific heat of water is 4.18 kJ/kg.°C (Table A-3). 


Analysis We take the water as the system, which is a closed 
system, for which the energy balance on the system 


Ein ~ E out = AE system With W = 0 can be written as 
Qin = AU 
; ‘| Reaction 
or ie =| chamber 
Qin =mcAT 


= (2 kg\4.18 kJ/kg -°C\(2.5°C) 
= 20.90 kJ (per gram of fuel) 


Therefore, heat transfer per kg of the fuel would be 20,900 
kJ/kg fuel. Disregarding the slight energy stored in the gases 
of the combustion chamber, this value corresponds to the 
heating value of the fuel. 
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15-97E Hydrogen is burned with 100 percent excess air. The AF ratio and the volume flow rate of air are to be determined. 
Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 

Properties The molar masses of H, and air are 2 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis (a) The combustion is complete, and thus products will contain only H,O, O, and N}. The moisture in the air does 
not react with anything; it simply shows up as additional H2O in the products. Therefore, for simplicity, we will balance the 
combustion equation using dry air, and then add the moisture to both sides of the equation. The combustion equation in this 
case can be written as 


H, + 2ap (O3 +3.76N,)——> H30 + a pO, + (2)(3.76)ay,N> à 
where ay is the stoichiometric coefficient for air. It is determined from H 
Combustion 
O; balance: 2am = 9.5+ ay, —> ap = 0.5 chamber Products 
Substituting, H, + (O, + 3.76N,)—> H,O +0.50, +3.76N, RE peas = 
Therefore, 4.76 Ibmol of dry air will be used per kmol of the fuel. 90°F 


The partial pressure of the water vapor present in the incoming air is 


Py in = Pair Peat@oorr = (0.60\0.69904 psi) = 0.419 psia 


The number of moles of the moisture that accompanies 4.76 lbmol of incoming dry air (Ny, in) is determined to be 


Pin 0.419 psia 
Nyin = f Jroa z | ree (4.76 +N, i) —> Ny in = 0.142 Ibmol 


otal 


The balanced combustion equation is obtained by substituting the coefficients determined earlier and adding 0.142 Ibmol of 
H,0 to both sides of the equation, 


H, +(O, +3.76N, )+0.142H ,O —->1.142H,0+0.50, +3.76N, 


The air-fuel ratio is determined by taking the ratio of the mass of the air to the mass of the fuel, 


sages Tie (4.76 Ibmol)(29 Ibm/Ibmol)+ (0.142 Ibmol){18 Ibm/Ibmol) _ sos has aha 
niga (1 Ibmol)(2 Ibm/Ibmol) 


(b) The mass flow rate of H; is given to be 10 Ibm/h. Since we need 70.3 Ibm air per Ibm of Hp, the required mass flow rate 
of air is 


Mir = (AF (maei) = (70.325 Ibma/h) = 1758 Ibm/h 
The mole fractions of water vapor and the dry air in the incoming air are 


Nyo 0142 
MoS Na AI6rOJA2 


= 0.029 and Yaryair = 1- 0.029 = 0.971 


Thus, 
M =(YM )y,o + (YM )aryair = (0.029 18)+ (0.97129) = 28.7 Ibm/Ibmol 
© RT _ (10.73/28.7 psia -ft3/Ibm-R K550 R) 
P 14.5 psia 
U = hv = (1758 Ibm/h)(14.18 ft /lbm)= 24,928 ft? /h 


=14.18 ft? /lbm 
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15-98 A gaseous fuel with a known composition is burned with dry air, and the volumetric analysis of products gases is 
determined. The AF ratio, the percent theoretical air used, and the volume flow rate of air are to be determined. 


Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 
Properties The molar masses of C, H2, N2, Op, and air are 12, 2, 28, 32, and 29 kg/kmol, respectively (Table A-1). 
Analysis Considering 100 kmol of dry products, the combustion equation can be written as 
x(0.65CH, +0.25N, +0.100,)+a(O, +3.76N3) 
— 3.36CO, + 0.09CO + 14.910, +81.64N, +bH,O 


The unknown coefficients x, a, and b are determined 


from mass balances, ooa T 
ee 3.36% CO, 
C: 0.65x = 3.36+ 0.09 —>x=5.31 10% O2 Cees 0.09% CO 
H: (4)(0.65)x=2b ——+>b=6.90 chamber 14.91% O, 
0 
N, : 0.25x + 3.76a = 81.64 >a=21.36 Ar 81.64% N2 


[check O,: 0.10x + a =3.36 + 0.045 + 14.91 + b / 2——~a =21.23] 


The N; balance and O, balance gives two different a values. There must be a small error in the volumetric analysis of the 
products and the mass balance is not completely satisfied. Yet we solve the problem with an a value of 21.36 being aware 
of this situation. Then, 


5.31(0.65CH, + 0.25N, + 0.100, )+ 21.36(O, +3.76N>) 
—— 3.36CO, + 0.09CO + 14.910, +81.64N, +6.9H,O 
The combustion equation for | kmol of fuel is obtained by dividing the above equation by 5.31, 
(0.65CH, +0.25N, + 0.100, )+ 4.02(0,, +3.76N, ) 
—— 0.633CO, +0.017CO + 2.810, +15.37N, +1.3H,O0 
(a) The air-fuel ratio is determined from its definition, 


Mair _ (4.02 x 4.76 kmol\29 kg/kmol) 
Mpe 0-65 X16 + 0.25 x 28 + 0.10 x 32 


AF= 


= 26.9 kg air/kg fuel 


(b) To find the percent theoretical air used, we need to know the theoretical amount of air, which is determined from the 
theoretical combustion equation of the fuel, 


(0.65CH, + 0.25N, +0.100,)+a,,(O, +3.76N,)——>0.65CO,, +1.3H,0 + (0.25 +3.76a p JN> 
O,: 0.10+ay, =0.65+0.65 —> ay =1.2 


Mair act = N sir act zi (4.02\4.76) kmol 


= 3,35 =335% 
Marth Naim (1.24.76) kmol 


Then, Percent theoretical air = 


(c) The specific volume, mass flow rate, and the volume flow rate of air at the inlet conditions are 


paR (0.287 kPa-m?/kg-K \298 K) 
P 100 kPa 
Main = (AF) yey = (26.9 kg air/kg fuel)(3.5 kg fuel/min) = 94.15 m?/min 


= 0.855 m?/kg 


Vir =(mv),;, = (94.15 kg/min)(0.855 m3/kg)= 80.5 m?/min 


air 
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15-99E Propane is burned with stoichiometric amount of air. The fraction of the water in the products that is vapor is to be 
determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 


Analysis The fuel is burned completely with the air, and thus the products will contain only CO2, H20, and N2. Considering 
1 kmol C3Hg, the combustion equation can be written as 


CH; + 5(0, +3.76N, )——>3CO, + 4H,0+18.8N, 


: í : C3H¢ 
The mole fraction of water in the products is 
N 4 k 1 CO,, H2O, N: 
y=- = =0.1550 
N roa (3 +4+18.8)kmol Theoretical air 19N0T 


The saturation pressure for the water vapor is 


P, = Py@i20¢ = 1-695 1 psia 


When the combustion gases are saturated, the mole fraction of the water vapor will be 


Pi, TSOP aa 


Ya ~~ 14.696 kPa 


Thus, the fraction of water vapor in the combustion products is 


Vo 01159 a 
y 0.1550 


f. vapor `~ 
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15-100 Coal whose mass percentages are specified is burned with 20% excess air. The dew-point temperature of the 
products is to be determined. 

Assumptions 1 Combustion is complete. 2 The combustion products contain CO, CO, H20, SO,, and N3. 3 Combustion 
gases are ideal gases. 

Properties The molar masses of C, H2, O», S, and air are 12, 2, 32, 32, and 29 kg/kmol, respectively (Table A-1). 

Analysis We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the masses 
of the constituents, the mole numbers of the constituent of the coal are determined to be 


fy gees = DEAD Re = iil 
My 5.79 kg 5.79% H, 
N = 2.895 kmol 
H2 Mẹ  2kg/kmol 25.31% O2 
m 25.31k 103% N; 
No =—22 -222 = 0.7909 kmol 1.41% S 
Moz 32kg/kmol 5.00% ash 
by mass 
Nyy e PEL _ _ 9.03803 kmol eis, 
My. 28kg/kmol 
1.41k 
Noes £ _ _ 0.04406 kmol Coal 
Mg 32kg/kmol Prod 
ae pete hee Ee Combustion | Products 
The mole number of the mixture and the mole fractions are Ay chamber 


N m =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 20% excess 
Nc 5.117 kmol 


=0.5758 
Yc =N, 8.886 kmol 
Ny» 2.895 kmol 
aa i A ol 858 
N,, 8.886 kmol 
N ; 
yo, = Nox. = 0.7909 kmol _ 9 ggg 
N,, 8.886 kmol 
N 03893 kmol 
jie Nae BRR E REO 0d 
N,, 8.886 kmol 
N 
_ Ns _ 0.04406 kmol _ O 00496 


SN, 8.886 kmol 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.5758C + 0.3258H, + 0.08900, + 0.00438N, + 0.004968 +1.25a (O; +3.76N>) 
—> 0.5758CO, + 0.3258H,O + 0.00496SO, + 0.25a pO, +1.25ay, x3.76N, 
According to the oxygen balance, 
O, balance: 0.0890 +1.25a = 0.5758 + 0.5 x 0.3258 + 0.00496 + 0.25a p ——> ay, = 0.6547 


Substituting, 
0.5758C + 0.3258H, + 0.08900, + 0.00438N , + 0.00496S + 0.8184(0, +3.76N>) 


— > 0.5758CO, + 0.3258H,O + 0.00496SO, + 0.16370, +3.077N, 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N : 
Pea) ep he Nigar outs 
Nivea (0.5758 + 0.3258-+ 0.00496 + 0.1637 + 3.077) kmol 


Thus, Tap = Tsat@796kPa = 41.3°C (Table A-5) 
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15-101 Methane is burned steadily with 50 percent excess air. The dew-point temperature of the water vapor in the products 
is to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 


Properties The molar masses of CH; and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, N2, and some 
free O2. Considering 1 kmol CH,, the combustion equation can be written as 


CH, +1.5ay,(O, +3.76N 5 )——> CO, +2H,0 + 0.5a,,05 +(1.5)(3.76)ay,N> 


where ay is the stoichiometric coefficient and is 


determined from the O; balance, CH4 
—— 
1.5ap =1+1+0.5ay, ——> ay, =2 Combustion | Products 
Ai chamber T 
ir dp 


Thus, 


——>| 
50% excess 
CH, +3(O, +3.76N,) ——> CO, +2H,0+0, +11.28N, 


The dew-point temperature of a gas-vapor mixture is the saturation temperature of the water vapor in the product gases 
corresponding to its partial pressure. That is, 


N 
P, =| IP oa = ze (101.325 kPa) = 13.26 kPa 
N prod (1+2+1+11.28) kmol 
Thus, 
T= Sper ees Fae (from EES) 
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15-102 A mixture of 40% by volume methane, CH4, and 60% by volume propane, C3H8, is burned completely with 
theoretical air. The amount of water formed during combustion process that will be condensed is to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products 40% CH, 
contain CO), HO, and N; only. 60% CH; 
Properties The molar masses of C, H2, O% and air are 12 kg/kmol, 2 ; Products 
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-1). Air 

i one i ; 100°C 
Analysis The combustion equation in this case can be written as 100% theoretical 


0.4CH, +0.6 C,H; +ay,[0, +3.76N,|——> BCO, +D H,0+F N, 


15-94 


where ap is the stoichiometric coefficient for air. The coefficient ay, and other coefficients are to be determined from the 


mass balances 


Carbon balance: B=0.44+3x0.6 = 2.2 

Hydrogen balance: 2D =4x0.4+8x 0.6 = 2D —> D =3.2 

Oxygen balance: 2d, = 2B+ D— > 2a, = 2(2.2)+3.2 —— ay, =3.8 
Nitrogen balance: 3.76a,, = F ——>3.76(3.8) = F —> F = 14.29 


Then, we write the balanced reaction equation as 
0.4CH, +0.6C3Hg +3.8[0, +3.76N, | > 2.2 CO, +3.2H,0+14.29N, 


The vapor mole fraction in the products is 


3.2 


= ————— =0.1625 
2.2 +3.2+14.29 


Yv 


The partial pressure of water in the products is 


P YvP rod = (0.1625)(100 kPa) = 16.25 kPa 


v,prod F 


The dew point temperature of the products is 


Tap = Tsat@16.25 kPa = 55.64°C 


The partial pressure of the water vapor remaining in 
the products at the product temperature is 


P, = Por@3orc = 7.0 kPa 


The kmol of water vapor in the products at the p 
product temperature is = 
N 
P, v> —— P prod 
N total,product 
N 
7.0 kPa = ¥ 


2.2+N, +14.29 


N, =1.241 kmol 


The kmol of water condensed is s [kJ/kmol-K] 


N,, =3.2 -1.241 = 1.96 kmol water/kmol fuel 


180 


200 
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15-103 A gaseous fuel mixture of 60% propane, C3Hg, and 40% butane, C4Hjo, on a volume basis is burned with an air-fuel 
ratio of 25. The moles of nitrogen in the air supplied to the combustion process, the moles of water formed in the 
combustion process, and the moles of oxygen in the product gases are to be determined. 


Assumptions 1 Combustion is complete. 2 The combustion products 
contain CO2, H20, and N; only. 60% C3Hs 
: 40% CH 

Properties The molar masses of C, H2, O2 and air are 12 kg/kmol, 2 Products 
kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively (Table A-1). 
Analysis The theoretical combustion equation in this case can be written as R 

ir 
0.6 C3Hg +0.4C,H o + ay, [O +3.76N, |-—> BCO, + DH,0+F N, 


where ap is the stoichiometric coefficient for air. The coefficient am and other coefficients are to be determined from the 
mass balances 


Carbon balance: B=3x0.6+4x04=3.4 

Hydrogen balance: 8x 0.6+10x 0.4=2D—>D=4.4 

Oxygen balance: 2a =2B + D—> 2a p =2x3.4+ 4.4— a, =5.6 
Nitrogen balance: 3.7644, = F ——>3.76 x 5.6 = F —> F = 21.06 


Then, we write the balanced theoretical reaction equation as 
0.6 C3Hg + 0.4C Hj) +5.6[0, + 3.76N , |—>3.4CO,, + 4.4H,0 + 21.06N,, 


The air-fuel ratio for the theoretical reaction is determined from 


Mair _ (5.6 x 4.76 kmol)(29 kg/kmol) 


AF, = 
B Mael (0.6 x 44 + 0.4 x 58) kg 


=15.59 kg air/kg fuel 


The percent theoretical air is 


AF;ctual x 25 
AF, 15.59 


PercentTH,;, = x 100 =160.4% 


The moles of nitrogen supplied is 


PercentTH ,, 
Nw = a x dy, X 3.76 = = (5.6)(3.76) = 33.8 kmol per kmol fuel 


The moles of water formed in the combustion process is 


N mo = D = 4.4 kmol per kmol fuel 


The moles of oxygen in the product gases is 


PercentTH „. 160.4 
No =| ————_ - | la, =| — -1 (5.6) = 3.38 kmol per kmol fuel 
02 | 100 ) th í 100 X ) p 
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15-104 Ethane is completely burned with air. Various parameters are to be determined for the given reaction. 
Assumptions The water in the products is in the vapor phase. 
Analysis (a) The reaction equation is given as 
C,H, + 4.788[0, +3.76N, |——> 2CO,, + 3H,0 +1.2880, +18N, 
The partial pressure of water vapor is 
P= Nimo P 3 3 kmol 


v total = (100 kPa) = —————— (100 kPa) = 12.35 kPa 
N 24+3+41.288 +18 24.288 kmol 


The dew point temperature of the product gases is the saturation temperature of water at this pressure: 
Tap = Tsat@12.35kPa =49.6°C (Table A-5) 


total 


(b) The partial pressure of oxygen is 


N 1.288 kmol CH6 
Poo = = total = (100 kPa) = 5.303 kPa Combustion 
N sotal 24.288 kmol Products 
Chamber 
The specific volume of oxygen is then, Air 100 kPa 
RoT . 
PE o2T _ (0.2598 kJ/kmol - K)(373 K) _ 18.3 m3/kg 
Pop 5.303 kPa 


(c) The combustion reaction with stoichiometric air is 


C,H, + 3.5(0, +3.76N , )——>2CO,, + 3H, 0 + 3.5x3.76N, 
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Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of 


heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N2 and O; are stable 
elements, and thus their enthalpy of formation is zero. Then, 


q= hc 7 Hp Hp ~ > Neh; p T S Ngh; r = (Nh; Pa $ (Ni; ee i (Ni; Vue 
For the LHV, the water in the products is taken to be vapor. Then, 
he = (2 kmol)(—393,520 kJ/kmol) + (3 kmol)(—241,820 kJ/kmol)— (1 kmol)(—84,680 kJ/kmol) 
= —1,427,820 kJ/kmol ethane 
The LHV per unit kmol of the fuel is the negative of the enthalpy of combustion: 
LHV = -hç =1,427,820 kJ/kmol C,H, 
(d) The average molar mass of the product gas is 
— NeooM coz + NmoM mo + NooMoz + NwroM no 


M 
N total 
_ (2kmol)(44 kg/kmol) + (3 kmol)(18 kg/kmol) + (1.288 kmol)(32 kg/kmol) + (18 kmol)(28 kg/kmol) 
24.288 kmol 
_ 687.2 kmol_ _ 53 99 kgikmol 
24.288 kmol 


(e) The average molar constant pressure specific heat of the product gas is 


ae Nco2€ p,coz +N m0 p,x20 + No2€ p02 + Nno€p.no 


Á N total 
a (2x 41.164+3x 34.28 +1.288 x 30.144 18x 29.27) kJ/K _ 750.8 kI/K ~ 30.91k3/kmol-K 
24.288 kmol 24.288 kmol 


(f) The air-fuel mass ratio is 


apoa (4.788 x 4.76 x29)kg 660.9kg _ 22.03 kg air/kg fuel 
Muel (1x30) kg 30kg 


(g) For a molar fuel flow rate is 0.1 kmol/min, the mass flow rate of water in the product gases is 


> . N : 1 
Mino = Noone x H20 M mo = (0.1 kmol/min) 3 kmo 


k (18 kg/kmol) = 5.4 kg/min 
C2H6 1 kmol 
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15-97 
15-105 CO gas is burned with air during a steady-flow combustion process. The rate of heat transfer from the combustion 
chamber is to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 Combustion is complete. 


Properties The molar masses of CO and air are 28 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis We first need to calculate the amount of air used per kmol of CO before we can write the combustion equation, 


0.2968 kPa-m?/kg-K (310 K 
os _ RT _ (0.2968 kPa-m*/kg-K)310 K) ARAE \ ) 0.836 m3/kg i 
P (110 kPa) co 
V 4m?/mi o 
ma =— = SS = 0.478 kg/min 37°C | Combustion | Products 
Vco 0.836 m”/kg Ait chamber 900K 
Then the molar air-fuel ratio becomes 25°C 
— N. n,/M.. 5k in )/(29 kg/kmol 
Apa Nair Mar/Mar _ _(L5 kg/min)/(29 kg/kmol) | =3.03 kmol air/kmol fuel 


Naa Mea Mpa (0.478 kg/min)/(28 kg/kmol) 


Thus the number of moles of O, used per mole of CO is 3.03/4.76 = 0.637. Then the combustion equation in this case can 
be written as 


CO +0.637(0, +3.76N, )——> CO, +0.1370, +2.40N, 


Under steady-flow conditions the energy balance Ein —Eout = AE system applied on the combustion chamber with W = 0 


reduces to 
-Qu = X Nplhy +h-h°) -Y Nglh; +h -hh 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


h; hgg K h310 K hgo0 K 
Substante kJ/kmol kJ/kmol kJ/kmol kJ/kmol 
CO -110,530 8669 9014 27,066 
Oz 0 8682 = 27,928 
N2 0 8669 = 26,890 
CO, 393,520 9364 z 37,405 


Thus, 


—Qout = (IX-393,520 + 37,405 — 9364) + (0.137 (0 + 27,928 - 8682) 
+ (2.40 + 26,890 —8669)-—(1)(—110,530 +9014-8669)- 0-0 
= —208,927 kJ/kmol of CO 


Then the rate of heat transfer for a mass flow rate of 0.956 kg/min for CO becomes 


Gacho A oaa eemi \(208,927 ki/kmol) = 3567 kJ/min 
N 28 kg/kmol 
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15-98 


15-106 Ethanol gas is burned with 10% excess air. The combustion is incomplete. The theoretical kmols of oxygen in the 
reactants, the balanced chemical reaction, and the rate of heat transfer are to be determined. 


Assumptions 1 Combustion is incomplete. 2 The combustion products contain CO, CO, H20, O,, and N, only. 


Properties The molar masses of C, H2, O2, N; and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol, 
respectively (Table A-1). 


Analysis (a) The balanced reaction equation for stoichiometric air is 
C,H6O + ap [O +3.76N, |—> 2CO, +3H,0 + ay, x3.76N 


The stoicihiometric coefficient am is determined from an O, balance: 
C,H,O 


0.5+ dy, =2+1.5 >dy, =3 m CoO», CO 
Substituting, H20, Oo, No 
10% excess 
C,H,O0 +3[0, +3.76N, |— > 2CO, +3 H,0+11.28N, 
Therefore, 3 kmol of oxygen is required to burn 1 kmol of ethanol. 
(b) The reaction with 10% excess air and incomplete combustion can be written as 
C,H,O+1.1x 3[0, + 3.76N , |—> 20.9 CO, +0.1CO)+3H,0+x0, +1.1x3x3.76N, 
The coefficient for O, is determined from a mass balance, 
O; balance: 0.54+1.1x3=0.9x2+0.5x(0.1x 2)+0.5 x 3+ x——>x=0.4 
Substituting, 
C,H,O +3.3[0, +3.76N, |—>1.8CO, +0.2CO +3H,0+0.40, +12.408N, 
(b) The heat transfer for this combustion process is determined from the energy balance Fi, ~E out =AE system applied on 


the combustion chamber with W = 0. It reduces to 
-Qu => Nplh; +h-h°), -X Nea; +h’), 


Both the reactants and products are at 25°C. Assuming the air and the combustion products to be ideal gases, we have h = 
h(T). Then, using the values given in the table, 


-Qut = (1-8)(-393,520) + (0.2)(-110,530) + (3)(-241,820) — (1)(-235,310) 
=~ 1,220,590 kJ/kmol fuel 


or 
Qout = 1,220,590 kJ/kmol fuel 


For a 3.5 kg/h of fuel burned, the rate of heat transfer is 


Qut = NQou = ues Qout = _35k/h 4 590,590 kJ/kmol) = 92,870 kJ/h = 25.80 kW 
M 46 kg/kmol 
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15-99 


15-107 Propane gas is burned with air during a steady-flow combustion process. The adiabatic flame temperature is to be 
determined for different cases. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis Adiabatic flame temperature is the temperature at which the products leave the combustion chamber under 
adiabatic conditions (Q = 0) with no work interactions (W = 0). Under steady-flow conditions the energy balance 


Ein —E ou = AE system applied on the combustion chamber reduces to 


> neli; h-r), => Neli; +h-h°), — > wp (hy +h, -F°), = (Ni; )., 
since all the reactants are at the standard reference temperature of 25°C, and h f =0 for O; and N>. 


(a) The theoretical combustion equation of C3Hg with stoichiometric amount of air is 


C3H,(g)+5(O, +3.76N, )——> 3CO, + 4H,0+18.8N, 


C3H 
From the tables, oy 


25°C | Combustion 
E Air chamber Te 


Products 


hy Noo k ek: 
Substance kJ/kmol kJ/kmol 25°C 
CH; (9) -103,850 = 
O, 0 8682 
N, 0 8669 
H,O (9) -241,820 9904 
co -110,530 8669 
CO; -393,520 9364 
Thus, 
(3)(-393,520+ hoo, -9364)+ (4)(-241,820 + hy o -9904)+ (18.80 +h, - 8669) = (1X=103,850) 
It yields 


3ħco, +4ħy,o +18.8hy, = 2,274,675 KJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,274,675 / (3 + 4 + 18.8) = 88,165 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N2. Noting that the majority of the moles are N2, Tp will be close to 2650 
K, but somewhat under it because of the higher specific heats of CO, and H,O. 


At 2400 K: 3hco, +4hy,o +18.8hy, = (3)(125,152)+ (4)(103,508) + (18.879,320) 
= 2,280,704 kJ (Higher than 2,274,675 kJ) 


At 2350 K: 3hco, +4hy,o +18.8hy, = (3(122,091) + (4)(100,846)+ (18.8X77,496) 
= 2,226,582 kJ (Lower than 2,274,675 kJ) 


By interpolation, Tp = 2394K 

(b) The balanced combustion equation for complete combustion with 200% theoretical air is 
C3Hg(g)+10(0, +3.76N, )——>3CO,, + 4H,0 +50, +37.6N, 

Substituting known numerical values, 
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15-100 


(3)(- 393,520 + fig, — 9364) + (4)(- 241,820 + hyo — 9904) 
+ (5)(0 +o, - 8682) + (37.6)(0 + hy, - 8669)= (1X= 103,850) 


which yields 
3hco, + 4hy,o + Sho, +37.6hy, = 2,481,060 KJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,481,060 / (3 + 4+ 5 + 37.6) = 50,021 kJ/kmol. This 
enthalpy value corresponds to about 1580 K for N2. Noting that the majority of the moles are N2, Tp will be close to 1580 

K, but somewhat under it because of the higher specific heats of CO, and H,O. 


At 1540 K: 3hco, + 4hy,0 + Sho, +37.6hy, = (3X73,417) + (4)(59,888) + (5\(50,756) + (37.6 48,470) 
= 2,536,055 kJ (Higher than 2,481,060 kJ) 
At 1500 K: 3hco, + 4hy,o + Sho, +37.6hy, =(3X71,078) + (457,999) + (549,292) + (37.6 47,073) 


~~ 


= 2,461,630 kJ (Lower than 2,481,060 kJ 

By interpolation, Tp = 1510K 
(c) The balanced combustion equation for incomplete combustion with 95% theoretical air is 

C3Hg(g)+ 4.75(O, + 3.76N,)——> 2.5CO, + 0.5CO + 4H,0 + 17.86N, 
Substituting known numerical values, 

(2.5)(-393,520+ hoo, - 9364)+ (0.5)-110,530 + Reo - 8669) 

+ (4) 241,820 + hyo - 9904)+ (17.86)0+ hy, - 8669) = (1X- 103,850) 

which yields 

2.5hco, +0.5hco +4hy,0 +17.86hy, = 2,124,684 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,124,684 / (2.5 + 4+ 0.5 + 17.86) = 85,466 kJ/kmol. 
This enthalpy value corresponds to about 2550 K for N2. Noting that the majority of the moles are N2, Tp will be close to 
2550 K, but somewhat under it because of the higher specific heats of CO, and H30. 


At 2350 K: 


2.5ħco, +0.5hco +4hy,o +17.86hy, = (2.5X122,091)+ (0.5)(78,178)+ (4 (100,846) + (17.86\77,496) 
= 2,131,779 kJ (Higher than 2,124,684 kJ) 


At 2300 K: 


2.5ħco, +0.5hco +4hy,o +17.86hy, = (2.5K119,035)+ (0.5\76,345)+ (4X 98,199)+ (17.8675,676) 
= 2,080,129 kJ (Lower than 2,124,684 kJ) 


By interpolation, Tp = 2343 K 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-101 
15-108 The highest possible temperatures that can be obtained when liquid gasoline is burned steadily with air and with 
pure oxygen are to be determined. 


Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential 
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic. 


Analysis The highest possible temperature that can be achieved during a combustion process is the temperature which 
occurs when a fuel is burned completely with stoichiometric amount of air in an adiabatic combustion chamber. It is 
determined from 


> eli; +H-A’), =D Nehi; ti-i) — > Nolh; +h, -h° ), = (waz). 
since all the reactants are at the standard reference temperature of 25°C, and for O, and N2. The theoretical combustion 
equation of CgH), air is 

CgHjs +12.5(O, + 3.76N , )——> 8CO, + 9H,0 + 47N, 
From the tables, 


h; h28 k Cair 7” 
Substance kJ/kmol kJ/kmol 25°C / Combustion |, Products 
CHO 249950 SS aes chamber To ma 
O> 0 8682 55°C 4 
Nə 0 8669 
H,O (9) -241,820 9904 
CO, -393,520 9364 


Thus, 
(8) 393,520 + hco, - 9364)+ (9)(- 241,820 + hyo - 9904) + (47)(0 + hy, - 8669) = (1)(- 249,950) 


Ityields 8hco, +9hy,o +47hy, = 5,646,081 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,646,081/(8 + 9 + 47) = 88,220 kJ/kmol. This 
enthalpy value corresponds to about 2650 K for N2. Noting that the majority of the moles are N2, Tp will be close to 2650 
K, but somewhat under it because of the higher specific heat of H3O. 


At 2400 K: 8hco, +9hy,o +47hy, = (8125152) + (9)(103,508)+ (47 79,320 
= 5,660,828 kJ (Higher than 5,646,081 kJ 


EF 


At 2350 K: Bho, +9hy,o +47hy, = (8X122,091)+ (9)(100,846)+ (47\(77,496 
= 5,526,654 kJ (Lower than 5,646,081 kJ 


Ka XS 


By interpolation, Tp = 2395K 
If the fuel is burned with stoichiometric amount of pure O», the combustion equation would be 


CH, 12.50, —>8CO, +9H,0 
Thus, (8)(- 393,520 + hco, - 9364)+ (9)(- 241,820 + hny o — 9904) = (I- 249,950) 
It yields 8hco, + 9hy,o = 5,238,638 KJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 5,238,638/(8 + 9) = 308,155 kJ/kmol. This enthalpy 
value is higher than the highest enthalpy value listed for H2O and CO2. Thus an estimate of the adiabatic flame temperature 
can be obtained by extrapolation. 


At 3200 K: 8hco, + 9hy,o = (8X174,695)+ (9 147,457) = 2,724,673 KJ 
At 3250 K: 8hco, + 9hy,0 = (8X177,822) + (9 {150,272) = 2,775,024 kJ 


By extrapolation, we get Tp = 3597 K. However, the solution of this problem using EES gives 5645 K. The large difference 
between these two values is due to extrapolation. 
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15-109 Methyl alcohol vapor is burned with the stoichiometric amount of air in a combustion chamber. The maximum 
pressure that can occur in the combustion chamber if the combustion takes place at constant volume and the maximum 
volume of the combustion chamber if the combustion occurs at constant pressure are to be determined. 


Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential 
energies are negligible. 


Analysis (a) The combustion equation of CH;OH(g) with stoichiometric amount of air is 
CH,OH + ay (O3 +3.76N, )—> CO, + 2H,0 + 3.76ay,N, 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


CH;0H(g) 


1+2a,=2+2 — > ay =1.5 AIR 


25°C, 101 kPa 
Thus, 


HA 
CH,OH +1.5(0, +3.76N,)——> CO, + 2H,0 +5.64N, a 


The final temperature in the tank is determined from the energy balance relation E;n ~E out = AE for reacting closed 


ut system 


systems under adiabatic conditions (Q = 0) with no work interactions (W = 0), 
0=5 Np(hz +h-h°-Pu), -Y Ngh; +h-h’ - Po), 


Assuming both the reactants and the products to behave as ideal gases, all the internal energy and enthalpies depend on 
temperature only, and the Py terms in this equation can be replaced by R,T. It yields 


E Nel; +h, ee R,T), = > Nalhp -R,T), 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


hy hogg K 
Substance kJ/kmol kJ/kmol 
CHOH -200,670 --- 
O> 0 8682 
N> 0 8669 
H-O (g) -241,820 9904 
CO, -393,520 9364 
Thus, 
1)(-393,520+ igo, —9364—8.314xTp }+(2)(-241,820+ hyo —9904 -8.314xTp ) 
+(5.64)(0+ hy, -8669-8.314xTp )=(1{-200,670 -8.314x 298)+ (1.5\(0-8.314x 298) 
(5.640 -8.314x 298) 
It yields 


hco, + 2hy,0 + 5.64hy, — 71.833 x Tp = 734,388 kJ 
The temperature of the product gases is obtained from a trial and error solution, 
At 2850 K: 


hco, +2hy,o +5.64hy, —71.833xTp = (1)(152,908)+ (2)(127,952)+ (5.64)(95,859)- (71.8332850) 
= 744,733 kJ (Higher than 734,388 kJ) 


At 2800 K: 
hco, +2hy,o +5.64hy, —71.833xTp = (1149,808)+ (2X125,198)+ (5.6494,014)- (71.8332800) 
= 729,311 kJ (Lower than 734,388 kJ) 
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15-103 
By interpolation Tp = 2816K 


Since both the reactants and the products behave as ideal gases, the final (maximum) pressure that can occur in the 
combustion chamber is determined to be 


NST (8.64 kmol\(2816 K) 


Bit. we pyc oe OO Te Ny 
> NIT, | (8.14 kmol)298 K) 


a (101 kPa)=1013 kPa 
PV N,R,T, 


(b) The combustion equation of CH;0H(g) remains the same in the case of constant pressure. Further, the boundary work 
in this case can be combined with the u terms so that the first law relation can be expressed in terms of enthalpies just like 
the steady-flow process, 


Q= > Nh; +h-h°), -Y Ngh; +h-h°), 


Since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an adiabatic 
combustion process, the 1st law relation reduces to 


AT +hr, Th => valk?) 
since the reactants are at the standard reference temperature of 25°C. Then using data from the mini table above, we get 
(1)(-393,520 + hoo, —9364)+ (2)(-241,820+ hu o —9904)+ (5.64)(0+ hy, -8669) 
= (1(— 200,670)+ (1.5)(0)+ (5.640) 
It yields 
hco, + 2hy,o +5.64hy, = 754,555 kJ 
The temperature of the product gases is obtained from a trial and error solution, 
At 2350 K: hco, +2hy,o +5-64hy, = (1)(122,091)+ (2)(100,846)+ (5.64\77,496) 
= 760,860 kJ (Higher than 754,555 kJ) 
At 2300 K: hco, +2hy,o +5-64hy, = (1{119,035)+ (298,199) + (5.64 (75,676) 
= 742,246 kJ (Lower than 754,555 kJ) 


By interpolation, Tp = 2333 K 


Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can 
have is determined to be 


PV, N,R,T, 
PV, N5R,T, 


N T, », _ (8.64 kmol)(2333 K) 
N,T, | (8.14 kmol)(298 K) 


—> V, = (1.5 L)=12.5 L 
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EES 
15-110 Problem 15-109 is reconsidered. The effect of the initial volume of the combustion chamber on the 
maximum pressure of the chamber for constant volume combustion or the maximum volume of the chamber for constant 
pressure combustion is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

V1=1.5 [L] 
T1=(25+273) [K] 
P1=101 [kPa] 
T0=25+273 [K] 


"Properties" 
R_u=8.314 "[kJ/kmol-K]" 


"Analysis" 

"The stoichiometric combustion equation is: CH3OH + a_th (02+3.76N2) = CO2 + 2 H20 + 3.76*a_th N2" 
1+2*a_th=2+2 "O balance" 

"Mol numbers of reactants and products in kmol" 
N_CH30H=1 

N_O2=a_th 

N_N2=a_th*3.76 

N_CO2=1 

N_H20=2 

"Enthalpy of formation data from Table A-26 in kJ/kmol" 
h_f_ CH30OH=-200670 

"Enthalpies of reactants in kJ/kmol" 
h_O2=enthalpy(O2, T=T1) 

h_N2_R=enthalpy(N2, T=T1) 

"Enthalpies of products in kJ/kmol" 
h_N2_P_a=enthalpy(N2, T=T2_a) 
h_CO2_a=enthalpy(CO2, T=T2_a) 
h_H20_a=enthalpy(H20, T=T2_a) 


H_P_a=N_CO2*(h_CO2_a-R_u*T2_a)+N_H20*(h_H20_a-R_u*T2_a)+N_N2*(h_N2_P_a-R_u*T2_a) 
H_R_a=N_CH30H*(h_f_CH30OH-R_u*T1)+N_O2*(h_O2-R_u*T1)+N_N2*(h_N2_R-R_u*T1) 

H_P_a=H R_a 
P2= 
N 


2=(N_P/N_R)*(T2_a/T1)*P1 "Final pressure" 

| R=1+4.76*a_th 
N_P=1+2+3.76*a_th 
"(p)" 
"Now ideal gas enthalpies of products are, in kJ/kmol" 
h_N2_P_b=enthalpy(N2, T=T2_b) 
h_CO2_b=enthalpy(CO2, T=T2_b) 
h_H20_b=enthalpy(H20, T=T2_b) 


CO2*h_CO2_b+N_H20O*h_H20_b+N_N2*h_N2 P b 
| CH3OH*h_f_CH3OH+N_O2*h_O2+N_N2*h_N2_R 
Rb 

2=(N_P/N_R)*(T2_b/T1)*V1 "Final pressure" 
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V1 V2 P2 
[L] [L] [kPa] 
0.2 1.663 1013 
0.4 3.325 1013 
0.6 4.988 1013 
0.8 6.651 1013 
1 8.313 1013 
1.2 9.976 1013 
1.4 11.64 1013 
1.6 13.3 1013 
1.8 14.96 1013 
2 16.63 1013 


v2 [L] 


P2 [kPa] 


2 850 

0 1 1 1 1 4 800 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
v1 [L] 
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15-106 


15-111 Methane is burned with the stoichiometric amount of air in a combustion chamber. The maximum pressure that can 
occur in the combustion chamber if the combustion takes place at constant volume and the maximum volume of the 
combustion chamber if the combustion occurs at constant pressure are to be determined. 


Assumptions 1 Combustion is complete. 2 Air and the combustion gases are ideal gases. 4 Changes in kinetic and potential 
energies are negligible. 


Analysis (a) The combustion equation of CH4(g) with stoichiometric amount of air is 
CH, + ap (O, +3.76N, )——> CO, + 2H,0 + 3.76a,,N> 


where ap is the stoichiometric coefficient and is determined from the O, balance, 


CH; (g) 
dy =1+1 > Gy =2 AIR 


25°C,101 kPa 


Thus, 


A 
CH, + 2(0, +3.76N, )——> CO, +2H,0 + 7.52N, ° 


The final temperature in the tank is determined from the energy balance relation E;n — E, = AE for reacting closed 


ut system 


systems under adiabatic conditions (Q = 0) with no work interactions (W = 0), 
0= > Nph; +h-h° Pv), -Y Ngh; +h he - Pv). 


Since both the reactants and the products behave as ideal gases, all the internal energy and enthalpies depend on temperature 
only, and the Pv terms in this equation can be replaced by R,T. It yields 


F nelh; + hy, — ogr - RI = E ngl; SRT): 


since the reactants are at the standard reference temperature of 25°C. From the tables, 


h; hogg K 
Substance kJ/kmol kJ/kmol 
CH, -74,850 --- 
© 0 8682 
N2 0 8669 
H-O (9) -241,820 9904 
CO, -393,520 9364 
Thus, 
1)(-393,520-+hgo, -9364-8.314xTp )+ (2) 241,820 + hyo —9904-8.314xTp ) 
+ (7.52)(0 + hy, -8669-8.314xTp )= (1X—74,850—8.314 x 298)+(2)(0-8.314x 298) 
+(7.52)(0-8.314x 298) 
It yields 


hco, +2hy,0 + 7-52hy, — 87.463 x Tp = 870,609 kJ 
The temperature of the product gases is obtained from a trial and error solution, 
At 2850 K: 


hco, +2hy,o +7-52hy, -87.463xTp = (1\152,908)+ (2)(127,952)+ (7.52 95,859) —(87.463)(2850) 
= 880,402 kJ (Higher than 870,609 kJ) 


At 2800 K: 


hco, +2hy,o +7-52hy, —87.463xTp = (1)(149,808)+ (2\125,198)+ (7.52\94,014)- (87.4632800) 
= 862,293 kJ (Lower than 870,609 kJ) 
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By interpolation, Tp = 2823 K 
Treating both the reactants and the products as ideal gases, the final (maximum) pressure that can occur in the combustion 
chamber is determined to be 
PV _ NRT, P, 


PV Nbp, (10.52 kmol)(2823 K) 
PV N,R,T, NIT, 


SAD or N S (101 kPa)=957 KP 
! = (10.52 kmol)(298 K) 8) i 


(b) The combustion equation of CH4(g) remains the same in the case of constant pressure. Further, the boundary work in 
this case can be combined with the u terms so that the first law relation can be expressed in terms of enthalpies just like the 
steady-flow process, 


Q= >. Np (hy +h-h°), -Y ali; +h-h°), 


Again since both the reactants and the products behave as ideal gases, we have h = h(T). Also noting that Q = 0 for an 
adiabatic combustion process, the energy balance relation reduces to 


E neha; +hr, -nos x)p =È Nelh;), 
since the reactants are at the standard reference temperature of 25°C. Then using data from the mini table above, we get 
(1)(=393,520 + hoo, -9364)+ (2 -241,820 + hu o -9904+ (7.52)(0+ hy, -8669) 
= (1(-74,850)+ (2X0)+ (7.52X0) 
It yields 
hco, +2hy,o +7-52hy, = 896,673 kJ 


The temperature of the product gases is obtained from a trial and error solution, 


At 2350 K: hco, +2hy,o +7-52hy, = (1X122,091)+ (2)(100,846)+ (7.52)77,496) 
= 906,553 kJ (Higher than 896,673 kJ) 


At 2300 K: hco, +2hy,o + 7-52hy, = (1{119,035)+ (298,199) +(7.52\75,676) 

= 884,517 kJ (Lower than 896,673 kJ) 
By interpolation, Tp = 2328K 
Treating both the reactants and the products as ideal gases, the final (maximum) volume that the combustion chamber can 
have is determined to be 
NT yy _ (10.52 kmol)(2328 K) 
' (10.52 kmol\(298 K) 


PV, N,R,T, T 


= (1.5 L)=11.7 L 
PV,  N,R,T, NIT, 
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15-112 n-Octane is burned with 100 percent excess air. The combustion is incomplete. The maximum work that can be 
produced is to be determined. 


Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis The combustion equation with 100% excess air and 10% CO is 
CgH)g +2x 12.5(0, + 3.76N, )— 8(0.90 CO, +0.10 CO) +9H,0+ xO, +2x12.5x3.76 N, 
The coefficient for O, is determined from its mass balance as 


25=7.2+0.44+ 4.5 + x— > x=12.9 


Substituting, 
CoH g + 25(0, + 3.76N , )——> 7.2 CO, +0.8CO0+9H,0+12.90, +94N, 


The reactants and products are at 25°C and 1 atm, which is the 


standard reference state and also the state of the surroundings. CsHis 
Therefore, the reversible work in this case is simply the difference R a - Products 
between the Gibbs function of formation of the reactants and that 1 atm, 25°C ee 
of the products, Air | OOE ll atm, 25°C 
— 
Wrev = Nagpa -$ N$ p 100% excess 
1 atm, 25°C 


= (1)(16,530) — (7.2)(-394,360) — (0.8)(-137,150) — (9)(—228,590) 
=5,022,952kJ (per kmol of fuel) 


since the g; of stable elements at 25°C and 1 atm is zero. Per unit mass basis, 


_ 5,022,952 kJ/kmol 


fa = 44,060 kJ/kg fuel 
114kg/kmol 


15-113E Methane is burned with stoichiometric air. The maximum work that can be produced is to be determined. 


Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis The combustion equation is 


CH, + 2(0, +3.76N,)——>CO, + 2H,0 +7.52N, 


CH, 
The reactants and products are at 77°F and 1 atm, which is the standard TEES 
reference state and also the state of the surroundings. Therefore, the 1] atm, 77°F | Combustion Products 
reversible work in this case is simply the difference between the Gibbs f chamber 
function of formation of the reactants and that of the products, Air 1 atm, 77°F 
=o 243 100% theoretical 
Wier = > Nrop.n — > Ned pp 1 atm, 77°F 


= (1)(— 21,860) — (1)(—169,680) — (2)(-98,350) 
= 344,520 Btu (per Ibmol of fuel) 


since the g; of stable elements at 77°F and 1 atm is zero. Per unit mass basis, 


_ 344,520 Btu/Ibmol 


tev = 21,530 Btu/lbm fuel 
16 Ibm/lbmol 
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15-114E Methane is burned with 100% excess air. The maximum work that can be produced is to be determined and 
compared to when methane is burned with stoichiometric air. 


Assumptions 1 Combustion is incomplete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Analysis The combustion equation with 100% excess air is 


CH, +40, +3.76N,)——>CO, + 2H,0 + 20, +15.04N, 


The reactants and products are at 77°F and 1 atm, which is the CH, 

standard reference state and also the state of the surroundings. = l Products 

Therefore, the reversible work in this case is simply the l atm, 77°F | Combustion 

difference between the Gibbs function of formation of the Air chamber A 
1 atm, 77°F 


reactants and that of the products, 


——> 
100% excess 
Wev =S NG; -Y Nog}. 1 atm, 77°F 
= (1)(— 21,860) — (1)(—169,680) — (2)(-98,350) 
= 344,520 Btu (per lbmol of fuel) 


since the gF of stable elements at 77°F and 1 atm is zero. Per unit mass basis, 


_ 344,52 Btu/lbmol 
S 16 lbm/Ibmol 


The excess air only adds oxygen and nitrogen to the reactants and products. The excess air then does not change the 
maximum work. 


= 21,530 Btu/lbm fuel 
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15-115 Methane is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per unit of 
fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, and the 
lost work potential are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 


Properties The molar masses of CH; and air are 16 kg/kmol and 29 kg/kmol, respectively (Table A-1). 


Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO2, H20, No, and 
some free O2. Considering 1 kmol CHy, the combustion equation can be written as 


CH, +3(0, +3.76N, )——> CO, +2H,0 +0, +11.28N, CH, 
ona —> 
Under steady-flow conditions the energy balance Ein —E out = AE system 25°C Combustion | Products 
applied on the combustion chamber with W = 0 reduces to Air chamber 227°C 


Z Qout = 2 Np (r; thah" : z 2 Nal; = Eh 50% excess air 


Assuming the air and the combustion products to be ideal gases, we have 25°C 
h=h(T). From the tables, 


hy Nook Dsoox 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
CH, -74,850 --- --- 
O2 0 8682 14,770 
N2 0 8669 14,581 
H,0 (g) -241,820 9904 16,828 
CO, -393,520 9364 17,678 


Thus, 
—Qout = (IX-393,520 +17,678-9364)+ (2 -241,820 +16,828 — 9904) 
+ (1X0 +14,770-8682)+ (11.28X0+14,581-8669)-(1)(- 74,850) 
= -707,373 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 


_ 707,373 kJ/kmol of fuel 


as = 44,21 1 kJ/kg fuel 
16 kg/kmol of fuel 
The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 
Ms _ Qout 44,211 kJ/kg fuel 


= = 18.72 kg steam/kg fuel 
m, Ah, (3214.5-852.26) kJ/kg steam 


(b) The entropy generation during this process is determined from 


Qout 
Tou 


Qou = = 
Seen = Sp - Sez =D Np5p- > Nada t 


rr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of | atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = yi 
Pioa, Where y; is the mole fraction of component i. Then, 


S; = N;5;(T, P,)= N, (5; (T,P))-R, In(y,P,,)) 
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The entropy calculations can be presented in tabular form as 


N; yi s; (T,1atm) Ry ln(y; P, ) NiS; 
CH, 1 --- 186.16 0 186.16 
Oz 3 0.21 205.04 -12.98 654.06 
Np 11.28 0.79 191.61 -1.960 2183.47 
Sr = 3023.69 kJ/K 
CO, 1 0.0654 234.814 -22.67 257.48 
H-O (g) 2 0.1309 206.413 -16.91 446.65 
(07) 1 0.0654 220.589 -22.67 243.26 
N? 11.28 0.7382 206.630 -2.524 2359.26 


Sp = 3306.65 kJ/K 


Thus, 


Sua; = Sp Sp + L% = 3306.65 -3023.69 + 


surr 


= 2657 KJ/K (per kmol fuel) 


707,373 
8 


The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 


AX vases =X dest = —To Sgen = —(298 K)(2657 KJ/K) = -791,786 kJ/kmol fuel 


gases 


Per unit mass basis, 


AX... = 72 L786 kJ/kmol fuel L _ 49 490 kJ/kg fuel 


SOS 16 kg/kmol 


Note that the exergy change is negative since the exergy of combustion gases decreases. 


(c) The exergy change of the steam stream is 


AX scam = Ah -TAs = (3214.5 — 852.26) — (298)(6.7714 — 2.3305) = 1039 kJ/kg steam 


steam 


(d) The lost work potential is the negative of the net exergy change of both streams: 


Ms 
X dest = { = AX steam + Aps 
f 


= -[a 8.72 kg steam/kg fuel)(1039 kJ/kg steam) + (—49,490 kJ/kg fuel)| 
= 30,040 kJ/kg fuel 
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15-116 A coal from Utah is burned steadily with 50 percent excess air in a steam boiler. The amount of steam generated per 
unit of fuel mass burned, the change in the exergy of the combustion streams, the change in the exergy of the steam stream, 
and the lost work potential are to be determined. 


Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal 
gases. 4 Changes in kinetic and potential energies are negligible. 5 The effect of sulfur on the energy and entropy balances 
is negligible. 


Properties The molar masses of C, H2, N2, O2, S, and air are 12, 2, 28, 32, 32, and 29 kg/kmol, respectively (Table A-1). 


Analysis (a) We consider 100 kg of coal for simplicity. Noting that the mass percentages in this case correspond to the 
masses of the constituents, the mole numbers of the constituent of the coal are determined to be 


Ngo Me Mke siko 
Mc. 12kg/kmol 
m 5.79 kg 
N He = 2.895 kmol 
H2 My 2kg/kmol e 
. 0 Hi2 
Noz = Moz __25:31k8  _ 9 7999 kmol 25.31% O2 
Mo, 32kg/kmol 1.09% N, 
1.41% S 
1.09k 
mon e 10 KB __ 9.03893 kmol 5.00% ash 
My 28kg/kmol (by mass) 
Nes 8 oS hoe enol 


Ms  32kg/kmol 
The mole number of the mixture and the mole fractions are 


N m =5.117 + 2.895 + 0.7909 + 0.03893 + 0.04406 = 8.886 kmol 


Nc _ 5.117 kmol 
je A 205758 


Nm 8.886 kmol Coal 
N 2.895 kmol on 
Yan =e 70.3258 25°C | Combustion | Products 
= Ae 
Noz _ 0.7909 kmol as R | eer 
Yor === oy 70.0890 — 
m 8.886 kmo 50% excess air 
Ny _ 0.03893 kmol 25°C 


a n e e S = 90088 
H N 8.886kmol 


N ; 
i s _ 0.04406 kmol _ 0.00496 
Nm 8.886 kmol 


Ash consists of the non-combustible matter in coal. Therefore, the mass of ash content that enters the combustion chamber 
is equal to the mass content that leaves. Disregarding this non-reacting component for simplicity, the combustion equation 
may be written as 


0.5758C + 0.3258H , + 0.08900, + 0.00438N, + 0.00496S +1.5ay, (O, +3.76N3) 
—— > 0.5758CO, +0.3258H ,0 + 0.00496S0, +0.5a pO, +1.5a p x3.76N 5 
According to the oxygen balance, 
O, balance: 0.0890 +1.5a,, = 0.5758 + 0.5 x 0.3258 + 0.00496 + 0.5a p ——> ay, = 0.6547 
Substituting, 
0.5758C + 0.3258H , + 0.08900, + 0.00438N,, + 0.00496S + 0.9821(0, +3.76N,) 
——> 0.5758CO , + 0.3258H,0 + 0.00496SO , + 0.32740, +3.693N, 


The apparent molecular weight of the coal is 
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M _ Mm _ (0.575812 +0.3258x 2 + 0.0890 x32 + 0.00438 x 28 + 0.00496 x 32) kg 
a A EA 


N,, (0.5758 + 0.3258 + 0.0890 + 0.00438 + 0.00496) kmol 
a OOE piece anal coal 
1.0 kmol 


Under steady-flow conditions the energy balance Ein ~E out = AE system applied on the combustion chamber with W = 0 


reduces to 
-Qm = > Noli; +A), - Yale +h -Rh 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


hy Roogx Rsoox 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
O, 0 8682 14,770 
N: 0 8669 14,581 
H,0 (g) -241,820 9904 16,828 
CO, -393,520 9364 17,678 


Thus, 
-Q ut = (0.5758 393,520 + 17,678 —9364)+ (0.3258)(-241,820 + 16,828 — 9904) 


+ (0.32740 +14,770 -8682)+ (3.6930 +14,581-8669)—0 
= ~274,505 kJ/kmol of fuel 


The heat loss per unit mass of the fuel is 


_ 274,505 kJ/kmol of fuel 


Qon = ——_—_—— _ = 25,679 kJ/kg fuel 
10.69 kg/kmol of fuel 


The amount of steam generated per unit mass of fuel burned is determined from an energy balance to be (Enthalpies of 
steam are from tables A-4 and A-6) 


Ms Qot _ 25,679 kJ/kg fuel 


mp Ah, (3214.5 -852.26) kJ/kg steam 


= 10.87 kg steam/kg fuel 


(b) The entropy generation during this process is determined from 


Sgen = Sp- SR + Qon _ > Np5p -Y Nake 4 Low 
Tin Tyu 


rr 


The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total 
pressure of | atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = yi 
Pota, Where y; is the mole fraction of component i. Then, 


Si = N;5;(T, P,)= N; (5; (T, P,)-R, In(y;,P,,)) 
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The entropy calculations can be presented in tabular form as 


Thus, 


N; yi s; (T,1atm) R„ln(y;P, ) Nj§; 
C 0.5758 0.5758 5.74 -4.589 5.95 
H, 0.3258 0.3258 130.68 -9.324 45.61 
O, 0.0890 0.0890 205.04 -20.11 20.04 
N 0.00438 0.00438 191.61 -45.15 1.04 
© 0.9821 0.21 205.04 -12.98 214.12 
No 3.693 0.79 191.61 -1.960 714.85 
Sr = 1001.61 kJ/K 
CO, 0.5758 0.1170 234.814 -17.84 145.48 
H,0 (g9) 0.3258 0.0662 206.413 -22.57 74.60 
© 0.3274 0.0665 220.589 -22.54 79.60 
N2 3.693 0.7503 206.630 -2.388 771.90 
Sp = 1071.58 kJ/K 
Soa Sp SR + Qon = 1071,58-1001.61 + 274505 -991,1 KJK (per kmol fuel) 
298 


15-114 


surr 


The exergy change of the combustion streams is equal to the exergy destruction since there is no actual work output. That is, 


AX =-X dest = -ToS 


gases 


= -(298 K)(991.1kJ/K) = -295,348 kJ/kmol fuel 


gen 


Per unit mass basis, 


_ —295,348KJ/K 
#85 10,69 kg/kmol 


-27,630 kJ/kg fuel 


Note that the exergy change is negative since the exergy of combustion gases decreases. 


(c) The exergy change of the steam stream is 


AX seam = Ah -TAs = (3214.5 — 852.26) — (298)(6.7714 — 2.3305) = 1039 kJ/kg steam 


steam 


(d) The lost work potential is the negative of the net exergy change of both streams: 


ms 
X dest =] a 
f 


steam + AX since | 


= -(10.87 kg steam/kg fuel)(1039 kJ/kg steam) + (27,630 kJ/kg fuel) 
= 16,340 kJ/kg fuel 
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15-117 An expression for the HHV of a gaseous alkane C,Hn+2 in terms of n is to be developed. 


Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, and N,. 3 Combustion gases are 
ideal gases. 


Analysis The complete reaction balance for 1 kmol of fuel is 


3n+1 
2 


3n+1 


> (O, +3.76N, )—>nCO, +(n+1)H,0+ 


CHang + (3.76)N 5 


Both the reactants and the products are taken to be at the standard reference state of 25°C and 1 atm for the calculation of 
heating values. The heat transfer for this process is equal to enthalpy of combustion. Note that N, and O; are stable 
elements, and thus their enthalpy of formation is zero. Then, 


q=he =Hp Hp =) Noi -$ Ngh; g = (Nh; Jeo» + (NAF Jino - (NA? ) 


For the HHV, the water in the products is taken to be liquid. Then, 


he =n(—393,520) + (n + 1)(-285,830) — g : ) 


fuel 
Fuel 
The HHV of the fuel is Combüstion Products 
he i hamber 
—h n(—393,520)+ (n +1)(—285,830) -|h Air e 
HHV =—© = l j hi theoretical 


M fuel 


fuel 
For the LHV, the water in the products is taken to be vapor. Then, 
n(—-393,520) + (n + 1)(-241,820) — (r ; ) 

M fue 


fuel 
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15-118 It is to be shown that the work output of the Carnot engine will be maximum when T, = ,/ToTg, . It is also to be 
2 

vio 

y Tye 

Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame 

temperature T, since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no 

change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion 


gases as a gas stream with a constant specific heat c,. Noting that the heat exchanger involves no work interactions, the 
energy balance equation for this single-stream steady-flow device can be written as 


Q z mlh, h;) E mcf, Tae) 


shown that the maximum work output of the Carnot engine in this case becomes w = erd: -— 


where Q is the negative of the heat supplied to the heat engine. That is, 


Adiabatic 
combustion |: 
chamber 


fa 


Heat 
Exchanger ——> Tp 
Tp = const. 


Ón =-6= clre -T,) 


Then the work output of the Carnot heat engine can be expressed as 


E agi T 2 2 TT 
w= Gi a rinC (Typ | a (1) 


Taking the partial derivative of W with respect to T, while holding Tar and To 
constant gives 


Q 
Ow T, 
=0—> acl 0 Jen, -Tae }—2-=0 
OT, T, T; 
; ; W 
Solving for T, we obtain 
T, = Tolar 


which the temperature at which the work output of the Carnot engine will be a 
maximum. The maximum work output is determined by substituting the relation 


above into Eq. (1), Sennen 
0 
W = Cls -n -2 TE E ee 
T, Vy ToT at 


It simplifies to 


2 
JT 
W= aeni- 2 | 


or 


Taf 


w “cry = 


which is the desired relation. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-117 


15-119 It is to be shown that the work output of the reversible heat engine operating at the specified conditions is 


. ; T, T, : . : : 
Wey = ncr] -1-1n is . It is also to be shown that the effective flame temperature T, of the furnace considered is 
0 0 
= Typ i To 
e  In(Typ / Ty) 


Analysis The combustion gases will leave the combustion chamber and enter the heat exchanger at the adiabatic flame 
temperature T, since the chamber is adiabatic and the fuel is burned completely. The combustion gases experience no 
change in their chemical composition as they flow through the heat exchanger. Therefore, we can treat the combustion 
gases as a gas stream with a constant specific heat c,. Also, the work output of the reversible heat engine is equal to the 
reversible work Wev of the heat exchanger as the combustion gases are cooled from Taf to To. That is, 


Wev ay m(h; h, Tols; Se )) Fuel Air 
#0 
wil ty -7,-n{ch-nin Be) Jn | 
To Py 
T Adiabatic ý | Heat | 
= ic -To -TC ln s) combustion Exchanger ——> To 
To chamber pu 


which can be rearranged as 


. T, T, T, T, 
We = MCT =£ -1-In—£ | or we = CT) @£-1-In—* | (1) 
To To To To 


which is the desired result. 


The effective flame temperature Te can be determined from the 
requirement that a Carnot heat engine which receives the same amount of heat 
from a heat reservoir at constant temperature T, produces the same amount of 
work. The amount of heat delivered to the heat engine above is Surroundings 


: T, 
Qu = m(h; -he ) S mC(T¢ = Ty) : 


A Carnot heat engine which receives this much heat at a constant temperature T, will produce work in the amount of 


oo T 
W= QHT, Camot = mC (Tyg 74 nl — a (2) 
Setting equations (1) and (2) equal to each other yields 


0 To 


a 
0 e e 


T, T T 
Typ — Tp Thin =T -Tf = Ty + Ty 7 
Simplifying and solving for Te, we obtain 
Tir = To 


a In(Ty¢ /To ) 


which is the desired relation. 
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15-120 The combustion of a hydrocarbon fuel C,H,, with excess air and incomplete combustion is considered. The 
coefficients of the reactants and products are to be written in terms of other parameters. 


Analysis The balanced reaction equation for stoichiometric air is 


C,H, + An [o, + 3.76N, |——> n CO, +(m/2)H,0+3.76A,, N3 CH 
oe ; ; ; ; CO, CO 
The stoichiometric coefficient Ap is determined from an O, balance: HO o, Nə 
An=n+m/4 Excess air 


The reaction with excess air and incomplete combustion is 
C,H», +(1+ B)Ap [0 +3.76N, |—>anCO, + bnCO + (m/2)H,0+GO, +3.76(1+ B)Ay, N3 
The given reaction is 


C,H» +(1+ B)A,,[O, +3.76N, |—> DCO, + ECO+ F H,0+GO,+JN, 


Thus, 
D=an 
E=bn 
F=m/2 


J =3.76(1+ B)Ay, 


The coefficient G for O, is determined from a mass balance, 


O, balance: 
bn m 
1+ B)A,, =an+—+—+G 
(1+ B)An ~ 
(1+B)| n+” Laat a ee 
4 2 4 


n+2 + BA, age 4 ee 
4 2 4 
b 
G=n+ BA, ~an~ 
b 
=n(1—a) + BA,, ~ = 


=—+BA 
7 th 
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15-121 The combustion of an alcohol fuel (C,H,,O,) with excess air and incomplete combustion is considered. The 
coefficients of the reactants and products are to be written in terms of other parameters. 


Analysis The balanced reaction equation for stoichiometric air is 
C,H,O, + Ap [O> + 3.76N, |——>n CO, + (m/2)H,0 +3.76A,, N3 CaHmO 
The stoichiometric coefficient Ay, is determined from an O, balance: eae 
2\75 4725 4N2 
x/2+ A, =n+m/4—>A,, =n+m/4-x/2 Excess air 
The reaction with excess air and incomplete combustion is 
C,H,,O, + (1+ B)Ap [O3 +3.76N ,|——> anCO, + bnCO + (m/2)H,0+G O, +3.76(1+ B)Ay, N3 
The given reaction is 


C ,HmO, + (1+ B)Ap [O3 +3.76N, |-—> DCO, +ECO+FH,0+G0,+JN, 


Thus, 
D=an 
E=bn 
F=m/2 


J =3.76(1+ B)Ay 


The coefficient G for O, is determined from a mass balance, 


O; balance: 

x bn m 
— + (1+ B)Ap =an + — +— +G 

2 2 4 
Sie Bl n+” gn PETG 

2 4 2 4 
Sele 4B) n+” ae ae 

4 2 4 2 4 


—+ Rees" ely Hong ge 
2 2 4 


b 
G=n—an+BAy ~~ 


=n(l-a)-"" + BA, 


ar mae) 
2 
bn 
=—+BA 
7 th 
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15-122 The combustion of a mixture of an alcohol fuel (C,H,,O,) and a hydrocarbon fuel (C,,H,) with excess air and 
incomplete combustion is considered. The coefficients of the reactants and products are to be written in terms of other 
parameters. 


Analysis The balanced reaction equation for stoichiometric air is 

yı CHO, +y C„H, + Ay [O +3.76N,]|— (yn + yaw) CO, + 0.5(y,m+ yz) H,O+3.76A,, N3 
The stoichiometric coefficient Ay, is determined from an O; balance: 

yx! 2+ Am = (yın + Yow) + (yım + y2Zz)/4— An = (yin + Yow) + (yım + YZ) /4— yıx/ 2 
The reaction with excess air and incomplete combustion is 

Yı C,H mO, + y2 CyH, + (1+ B)An [O3 + 3.76N, | 

——a(y,n+ y,w) CO, +b(y,;n+ yyw) CO + 0.5(y;m + y,z)H,0+GO, +3.76(1+ B)Ay, N3 

The given reaction is 


yı C,H ,O, +y CH, + (1+ B)A,,[0, +3.76N, |——» DCO, + ECO+ FH,0+GO,+JN, 


Thus, 
C,H Ox 
D=a(y,n+ yw) CH: 
E =b(yın + yw) CO,, CO 
F =0.5(y,;m+ yZ) H20, O2, No 


J =3.76(1 + B)Ap Excess dift 
The coefficient G for O, is determined from a mass balance, 


O; balance: 
0.5y,x+ (1+ B)Ap =a(yın + yaw) + 0.5b(y,n+ yw) + 0.25(y;m+ y,z)+G 
0.5y,x+ (yın + yaw) + 0.25(yım + y2z)— 0.5y;x + BAp =a(yın + yaw) + 0.5b(y;n + yaw) + 0.25(y;m + y2z)+ G 
G=(yın + yw) = a(yın + yaw) — 0.5b(yın + yw) + BAm 
=(yın + yow)(1— a) - 0.5b(y;n + yyw) + BAy 
=b(yın + yyw) — 0.5b(yın + yaw) + BA 
= 0.5b(y,;n + yaw) + BA 


15-120 
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EES 
15-123 The effect of the amount of air on the adiabatic flame temperature of liquid octane (CsHıs) is to be 
investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2" 
"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30H + A_th O2=1 CO2+2 H20 " 
"1+ 2*A th=1*2+2*1""theoretical O balance" 
"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> (x-w)CO2 +wCO + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 


"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 
"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$='C2H2(g)' then 
x=2;y=2; z=0 
Name$='Acetylene' 
h_fuel = 226730 
else 


If fuel$='C3H8(I)' then 
x=3; y=8; z=0 
Name$='Propane(liq)' 
h_fuel = -103850-15060 
else 
If fuel$='C8H18(I)' then 
x=8; y=18; z=0 
Name$='Octane(liq)' 
h_fuel = -249950 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='Methane' 
h_fuel = enthalpy(CH4,T=T_fuel) 
else 
if fuel$="CH3OH(g)' then 


x=1; y=4; z=1 
Name$='Methyl alcohol' 
h_fuel = -200670 

endif; endif; endif; endif; endif 
end 
Procedure Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 
IF Th_air >= 1 then 
SolMeth$ = '>= 100%, the solution assumes complete combustion. 
{MolCO = 0 
MolCO2 = x} 
w=0 
MolO2 = A_th*(Th_air - 1) 
GOTO 10 
ELSE 

w = 2*x + y/2 - z - 2*A_th*Th_air 
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IF w>x then 

Call ERROR('The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 
Else 

SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products." 
MolO2 = 0 

endif; endif 

10: 

END 

{"Input data from the diagram window" 

T_air=298 [K] 

Theo_air = 200 "%" 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 

A_th =x + y/4- 2/2 

Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2, T=T_air) 

HP=HR "Adiabatic" 
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2, T=T_prod)+MolO2*enthalpy(O2,T=T_prod) 

Moles _O2=MolO2 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100) 

Moles_CO2=x-w 

Moles _CO=w 

Moles_H20=y/2 


Theoagir Tprod 
[%] [k] 
75 2077 Adiabatic Flame Temp. 
90 2287 o. 
100 | 2396 for Cg Hyg (liquid) 
120 2122 — 
150 1827 x 
200 1506 
300 1153 3 
500 840.1 2 
800 648.4 = 


0 100 200 300 400 500 600 700 800 
Theo,j, [%] 
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> 
15-124 A general program is to be written to determine the adiabatic flame temperature during the complete 
combustion of a hydrocarbon fuel C,H,, at 25°C in a steady-flow combustion chamber when the percent of excess air and its 
temperature are specified. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2" 
"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30H + A_th O2=1 CO2+2 H20 " 
"1+ 2*A_ th=1*2+2*1""theoretical O balance" 
"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> (x-w)CO2 +wCO + (y/2) H20 + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 


"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 
"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$="'C2H2(g)' then 
xX=2;y=2; z=0 
Name$='acetylene' 
h_fuel = 226730 


else 
If fuel$="C3H8(I)' then 
x=3; y=8; Z=0 
Name$='propane(liq)' 
h_fuel = -103850-15060 
else 
If fuel$="C8H18(I)' then 
x=8; y=18; z=0 
Name$='octane(liq)' 
h_fuel = -249950 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 
h_fuel = enthalpy(CH4,T=T_fuel) 
else 
if fuel$='CH3OH(g)' then 


x=1; y=4; z=1 
Name$='methyl alcohol' 
h_fuel = -200670 


endif; endif; endif; endif; endif 
end 


Procedure Moles(x,y,z, Th_air,A_th:w,MolO2,SolMeth$) 
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 


IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.’ 
{MoICO = 0 

MolCO2 = x} 
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w=0 
MolO2 = A_th*(Th_air - 1) 
GOTO 10 
ELSE 
w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w>x then 
Call ERROR(‘The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 
Else 
SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products." 
MolO2 = 0 
endif; endif 
10: 
END 


{"Input data from the diagram window" 
T_air = 298 [K] 

Theo_air = 120 [%] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 


Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 

A_th =x + y/4- 2/2 

Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2, T=T_air) 

HP=HR "Adiabatic" 
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2, T=T_prod)+MolO2*enthalpy(O2,T=T_prod) 

Moles _O2=MolO2 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100) 

Moles_CO2=x-w 

Moles_CO=w 

Moles_H20=y/2 


SOLUTION for the sample calculation 


A_th=5 fuel$='C3H8(I)' 
HP=-119035 [kJ/kg] HR=-119035 [kJ/kg] 
h_fuel=-118910 Moles_CO=0.000 
Moles_CO2=3.000 Moles_H20=4 
Moles_N2=22.560 Moles_O2=1.000 
MolO2=1 Name$='propane(liq)' 
SolMeth$='>= 100%, the solution assumes complete combustion.’ 
Theo_air=120 [%] Th_air=1.200 
T_air=298 [K] T_fuel=298 [K] 
T_prod=2112 [K] w=0 

x=3 y=8 

z=0 
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EES 
15-125 The minimum percent of excess air that needs to be used for the fuels CH4(g), C2H2(g), CH:OH(g), C3Hg(8), 
and CgHj,(I) if the adiabatic flame temperature is not to exceed 1500 K is to be determined. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2" 
{"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30H + A_th O2=1 CO2+2 H20 " 
1+ 2*A_th=1*2+2*1"theoretical O balance"} 


"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 
"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$="C2H2(g)' then 
x=2;y=2; Z=0 
Name$='acetylene' 
h_fuel = 226730 


else 
If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$="'propane' 
h_fuel = enthalpy(C3H8, T=T_fuel) 
else 
If fuel$='C8H18(I)' then 
x=8; y=18; z=0 
Name$='octane' 
h_fuel = -249950 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 
h_fuel = enthalpy(CH4,T=T_fuel) 
else 
if fuel$="CH3OH(g)' then 


x=1; y=4; z=1 
Name$='methyl alcohol' 
h_fuel = -200670 


endif; endif; endif; endif; endif 
end 


{"Input data from the diagram window" 
T_air = 298 [K] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 


Excess_air=Theo_air - 100 "[%]" 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 

A_th = y/4 + x-z/2 

Th_air = Theo_air/100 

HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100) 
*enthalpy(N2,T=T_air) 

HP=HR "Adiabatic" 
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HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod) 


Moles_O2=(y/4 + x-z/2) *(Theo_air/100 - 1) 
Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100) 
Moles _CO2=x 

Moles _H20=y/2 

T[1]=T_prod; xa[1]=Theo_air 


SOLUTION for a sample calculation 


A_th=2.5 Excess_air=156.251 [%] 
fuel$='C2H2(g)' HP=226596 [kJ/kg] 
HR=226596 [kJ/kg] h_fuel=226730 
Moles_CO2=2 Moles_H20=1 
Moles_N2=24.09 Moles_O2=3.906 
Name$="'acetylene' Theo_air=256.3 [%] 
Th_air=2.563 T[1]=1500 [K] 
T_air=298 [K] T_fuel=298 [K] 
T_prod=1500 [K] x=2 

xa[1]=256.3 y=2 

z=0 
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15-126 The minimum percentages of excess air that need to be used for the fuels CH,(g), C2H2(g), CH;OH(g), 
C3H3(g), and C8H18(1) AFOR adiabatic flame temperatures of 1200 K, 1750 K, and 2000 K are to be determined. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 


Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 


15-127 


<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) 02" 


{"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30H + A_th O2=1 CO2+2 H20 " 
1+ 2*A_th=1*2+2*1"theoretical O balance"} 


"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 
"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$="C2H2(g)' then 
x=2;y=2; z=0 
Name$='acetylene' 
h_fuel = 226730 


else 
If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$="'propane' 
h_fuel = enthalpy(C3H8, T=T_fuel) 
else 
If fuel$='C8H18(I)' then 
x=8; y=18; z=0 
Name$='octane' 
h_fuel = -249950 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 
h_fuel = enthalpy(CH4,T=T_fuel) 
else 
if fuel$="CH3OH(g)' then 


x=1; y=4; z=1 
Name$='methyl alcohol' 
h_fuel = -200670 


endif; endif; endif; endif; endif 
end 


{"Input data from the diagram window" 
T_air = 298 [K] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 


Excess_air=Theo_air - 100 "[%]" 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
A_th = y/4 + x-z/2 

Th_air = Theo_air/100 


HR=h_fuel+ (y/4 + x-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(y/4 + x-z/2) *(Theo_air/100) 


*enthalpy(N2,T=T_air) 
HP=HR "Adiabatic" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 


preparation. If you are a student using this Manual, you are using it without permission. 


15-128 


HP=x*enthalpy(CO2,T=T_prod)+(y/2)*enthalpy(H20,T=T_prod)+3.76*(y/4 + x-z/2)* 
(Theo_air/100)*enthalpy(N2,T=T_prod)+(y/4 + x-z/2) *(Theo_air/100 - 1)*enthalpy(O2,T=T_prod) 


Moles_O2=(y/4 + x-z/2) *(Theo_air/100 - 1) 
Moles_N2=3.76*(y/4 + x-z/2)* (Theo_air/100) 
Moles _CO2=x 

Moles _H20=y/2 

T[1]=T_prod; xa[1]=Theo_air 


SOLUTION for a sample calculation 


A_th=5 Excess_air=31.395 [%] 
fuel$='C3H8(g)' HP=-103995 [kJ/kg] 
HR=-103995 [kJ/kg] h_fuel=-103858 
Moles_CO2=3 Moles_H20=4 
Moles_N2=24.7 Moles_O2=1.570 
Name$="'propane' Theo_air=131.4 [%] 
Th_air=1.314 T[1]=2000 [K] 
T_air=298 [K] T_fuel=298 [K] 
T_prod=2000 [K] X=3 

xa[1]=131.4 y=8 

z=0 
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EES 
15-127 The adiabatic flame temperature of CH4(g) is to be determined when both the fuel and the air enter the 
combustion chamber at 25°C for the cases of 0, 20, 40, 60, 80, 100, 200, 500, and 1000 percent excess air. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> xCO2 + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + (y/4 + x-z/2) (Theo_air/100 - 1) O2" 
"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30H + A_th O2=1 CO2+2 H20 " 
"1+ 2*A th=1*2+2*1""theoretical O balance" 
"Adiabatic, Incomplete Combustion of fuel CnHm entering at T_fuel with Stoichiometric Air at T_air: 
Reaction: CxHyOz + (y/4 + x-z/2) (Theo_air/100) (O2 + 3.76 N2) 
<--> (x-w)CO2 +wCO + (y/2) H2O + 3.76 (y/4 + x-z/2) (Theo_air/100) N2 + ((y/4 + x-z/2) 
(Theo_air/100 - 1) +w/2)02" 
"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 
"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$="C2H2(g)' then 
x=2;y=2; Z=0 
Name$='acetylene' 
h_fuel = 226730 


else 
If fuel$='C3H8(g)' then 
x=3; y=8; z=0 
Name$="'propane' 
h_fuel = enthalpy(C3H8, T=T_fuel) 
else 
If fuel$='C8H18(I)' then 
x=8; y=18; z=0 
Name$='octane' 
h_fuel = -249950 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 
h_fuel = enthalpy(CH4,T=T_fuel) 
else 
if fuel$="CH3OH(g)' then 


x=1; y=4; Z=1 
Name$='methyl alcohol' 
h_fuel = -200670 


endif; endif; endif; endif; endif 
end 


Procedure Moles(x,y,z, Th_air,A_th:w,MolO2,SolMeth$) 
ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 


IF Th_air >= 1 then 
SolMeth$ = '>= 100%, the solution assumes complete combustion.’ 


{MoICO = 0 
MolCO2 = x} 
w=0 


MolO2 = A_th*(Th_air - 1) 
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GOTO 10 
ELSE 
w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w>x then 
Call ERROR(‘The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 
Else 
SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products." 
MolO2 = 0 
endif; endif 
10: 
END 


{"Input data from the diagram window" 

T_air = 298 [K] 

Theo_air = 200 [%] 

Fuel$='CH4(g)'} 

T_fuel = 298 [K] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 

A_th =x + y/4- 2/2 

Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 

HR=h_fuel+ (x+y/4-z/2) *(Theo_air/100) *enthalpy(O2,T=T_air)+3.76*(x+y/4-z/2) *(Theo_air/100) 
*enthalpy(N2, T=T_air) 

HP=HR "Adiabatic" 
HP=(x-w)*enthalpy(CO2,T=T_prod)+w*enthalpy(CO,T=T_prod)+(y/2)*enthalpy(H20, T=T_prod)+3.76*(x+y/4- 
z/2)* (Theo_air/100)*enthalpy(N2,T=T_prod)+MolO2*enthalpy(O2,T=T_prod) 

Moles_O2=MolO2 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100) 

Moles_CO2=x-w 

Moles_CO=w 


Moles_H2O0=y/2 Product temperature vs % excess air for CH4 


SOO 
Theoair Tprod 
[%] [K] 
100 2329 
120 2071 
140 1872 
160 1715 
180 1587 
200 1480 
300 1137 
600 749.5 
1100 553 


Queer D O S A S N A A A A A A A A E E E 


100 200 300 400 500 600 700 800 900 1000 1100 
Theoair [%] 
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> 
15-128 The fuel among CH,(g), C2H2(g), CoHo(g), CsHe(g), and CgH<(1) that gives the highest temperature when 
burned completely in an adiabatic constant-volume chamber with the theoretical amount of air is to be determined. 


Analysis The problem is solved using EES, and the solution is given below. 


Adiabatic Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant volume, 
closed system: 
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (O2 + 3.76 N2) 

--> xCO2 + (y/2) H2O + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + (x+y/4-z/2) (Theo_air/100 - 1) O2" 
"For theoretical oxygen, the complete combustion equation for CH3OH is" 
"CH30OH + A_th O2=1 CO2+2 H20 " 
"1+ 2*A_th=1*2+2*1""theoretical O balance" 


"Adiabatic, Incomplete Combustion of fuel CnHm with Stoichiometric Air at T_fuel =T_air=T_reac in a constant 
volume, closed system: 
Reaction: CxHyOz + (x+y/4-z/2) (Theo_air/100) (O2 + 3.76 N2) 

--> (x-w)CO2 +wCO + (y/2) H2O + 3.76 (x+y/4-z/2) (Theo_air/100) N2 + ((x+y/4-z/2) (Theo_air/100 - 1) 
+w/2)02" 


"T_prod is the adiabatic combustion temperature, assuming no dissociation. 
Theo_air is the % theoretical air. " 


"The initial guess value of T_prod = 450K ." 


Procedure Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 
"This procedure takes the fuel name and returns the moles of C and moles of H" 
If fuel$='C2H2(g)' then 
X=2;y=2; z=0 
Name$="'acetylene’ 
h_fuel = 226730"Table A.26" 


else 
If fuel$='C3H8(g)' then 
x=3; y=8; Z=0 
Name$='propane’ 
h_fuel = enthalpy(C3H8,T=T_fuel) 
else 
If fuel$='C8H18(1)' then 
x=8; y=18; z=0 
Name$='octane' 
h_fuel = -249950"Table A.26" 
else 
if fuel$="CH4(g)' then 
x=1; y=4; z=0 
Name$='methane' 
h_fuel = enthalpy(CH4,T=T_ fuel) 
else 
if fuel6="CH30H(g)' then 


x=1; y=4; z=1 
Name$='methyl alcohol’ 
h_fuel = -200670"Table A.26" 
endif; endif; endif; endif; endif 
end 


Procedure Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 

ErrTh =(2*x + y/2 - z - x)/(2*A_th)*100 

IF Th_air >= 1 then 

SolMeth$ = '>= 100%, the solution assumes complete combustion.’ 

w=0 

MolO2 = A_th*(Th_air - 1) 
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GOTO 10 
ELSE 
w = 2*x + y/2 - z - 2*A_th*Th_air 
IF w>x then 
Call ERROR(‘The moles of CO2 are negative, the percent theoretical air must be >= xxxF3 %',ErrTh) 
Else 
SolMeth$ = '< 100%, the solution assumes incomplete combustion with no O_2 in products.’ 
MolO2 = 0 
endif; endif 
10: 
END 


{"Input data from the diagram window" 
Theo_air = 200 [%] 
Fuel$='CH4(g)'} 


T_reac = 298 [K] 

T_air = T_reac 

T_fuel = T_reac 

R_u = 8.314 [kJ/kmol-k] 

Call Fuel(Fuel$,T_fuel:x,y,z,h_fuel, Name$) 

A_th =x + y/4 - 2/2 

Th_air = Theo_air/100 

Call Moles(x,y,z,Th_air,A_th:w,MolO2,SolMeth$) 

UR=(h_fuel-R_u*T_fuel)+ (x+y/4-z/2) *(Theo_air/100) *(enthalpy(O2,T=T_air)-R_u*T_air)+3.76*(x+y/4-z/2) 
*(Theo_air/100) *(enthalpy(N2,T=T_air)-R_u*T_air) 
UP=(x-w)*(enthalpy(CO2,T=T_prod)-R_u*T_prod)+w*(enthalpy(CO,T=T_prod)- 
R_u*T_prod)+(y/2)*(enthalpy(H20,T=T_prod)-R_u*T_prod)+3.76*(x+y/4-z/2)* 
(Theo_air/100)*(enthalpy(N2,T=T_prod)-R_u*T_prod)+MolO2*(enthalpy(O2,T=T_prod)-R_u*T_prod) 


UR =UP "Adiabatic, constant volume conservation of energy" 
Moles _O2=MolO2 

Moles_N2=3.76*(x+y/4-z/2)* (Theo_air/100) 

Moles _CO2=x-w 

Moles _CO=w 

Moles _H20=y/2 


SOLUTION for CH4 

A th=2 fuel$='CH4(g)' h_fuel=-74875 
Moles_CO=0.000 Moles _CO2=1.000 Moles_H20=2 
Moles _N2=7.520 Moles _O2=0.000 MolO2=0 
Name$='methane' R_u=8.314 [kJ/kmol-K] 

SolMeth$='>= 100%, the solution assumes complete combustion." 

Theo_air=100 [%] Th_air=1.000 T_air=298 [K] 
T_fuel=298 [K] T_prod=2824 [K] T_reac=298 [K] 
UP=-100981 UR=-100981 w=0 

x=1 y=4 z=0 
SOLUTION for C2H2 

A th=2.5 fuel$='C2H2(g)' h fuel=226730 
Moles _CO=0.000 Moles _ C0O2=2.000 Moles H20=1 
Moles_N2=9.400 Moles_O2=0.000 Mol02=0 
Name$='acetylene' R_u=8.314 [kJ/kmol-K] 

SolMeth$='>= 100%, the solution assumes complete combustion." 

Theo_air=100 [%] Th_air=1.000 T_air=298 [K] 
T_fuel=298 [K] T_prod=3535 [K] T_reac=298 [K] 
UP=194717 UR=194717 w=0 

x=2 y=2 z=0 
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SOLUTION for CH30H 
A_th=1.5 
Moles_CO=0.000 
Moles_N2=5.640 
Name$='methyl alcohol' 


SolMeth$='>= 100%, the solution assumes complete combustion." 


Theo_air=100 [%] 
T_fuel=298 [K] 
UP=-220869 

x=1 


SOLUTION for C3H8 
A_th=5 
Moles_CO=0.000 
Moles_N2=18.800 
Name$='propane' 


SolMeth$='>= 100%, the solution assumes complete combustion." 


Theo_air=100 [%] 
T_fuel=298 [K] 
UP=-165406 

x=3 


SOLUTION for C8H18 
A th=12.5 
Moles_CO=0.000 
Moles_N2=47.000 
Name$='octane' 


SolMeth$='>= 100%, the solution assumes complete combustion." 


Theo_air=100 [%] 
T_fuel=298 [K] 
UP=-400104 

x=8 


fuel$='CH30H(g)' 
Moles_CO2=1.000 
Moles _O2=0.000 
R_u=8.314 [kJ/kmol-K] 


Th_air=1.000 
T_prod=2817 [K] 
UR=-220869 

y=4 


fuel$='C3H8(g)' 
Moles_CO2=3.000 
Moles_O2=0.000 
R_u=8.314 [kJ/kmol-K] 


Th_air=1.000 
T_prod=2909 [K] 
UR=-165406 

y=8 


fuel$='C8H18(1)' 

Moles _CO2=8.000 
Moles_O2=0.000 
R_u=8.314 [kJ/kmol-K] 


Th_air=1.000 
T_prod=2911 [K] 
UR=-400104 
y=18 


h_fuel=-200670 
Moles H20=2 
Mol02=0 


T_air=298 [K] 
T_reac=298 [K] 
w=0 

z=1 


h_fuel=-103858 
Moles _H20=4 
Mol02=0 


T_air=298 [K] 
T_reac=298 [K] 
w=0 

z=0 


h_fuel=-249950 
Moles _H20=9 
MolO2=0 


T_air=298 [K] 
T_reac=298 [K] 
w=0 

z=0 
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Fundamentals of Engineering (FE) Exam Problems 


15-129 A fuel is burned with 70 percent theoretical air. This is equivalent to 

(a) 30% excess air (b) 70% excess air (c) 30% deficiency of air 
(d) 70% deficiency of air (e) stoichiometric amount of air 

Answer (c) 30% deficiency ofair 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


air_th=0.7 
"air_th=air_access+1" 
air_th=1-air_deficiency 


15-130 Propane C,H; is burned with 150 percent theoretical air. The air-fuel mass ratio for this combustion process is 
(a) 5.3 (b) 10.5 (c) 15.7 (d) 23.4 (e) 39.3 
Answer (d) 23.4 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


m_fuel=n_H*1+n_C*12 

a_th=n_C+n_H/4 

coeff=1.5 "coeff=1 for theoretical combustion, 1.5 for 50% excess air" 
n_O2=coeff*a_th 

n_N2=3.76*n_O2 

m_air=n_O2*32+n_N2*28 

AF=m_air/m_fuel 
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15-131 One kmol of methane (CH4) is burned with an unknown amount of air during a combustion process. If the 
combustion is complete and there are 1 kmol of free O, in the products, the air-fuel mass ratio is 


(a) 34.6 (b) 25.7 (c) 17.2 (d) 14.3 (e) 11.9 
Answer (b) 25.7 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


fuel=n_H*1+n_C*12 

th=n_C+n_H/4 

oeff-1)*a_th=1 "O2 balance: Coeff=1 for theoretical combustion, 1.5 for 50% excess air" 
n_O2=coeff*a_th 

n_N2=3.76*n_O2 

m_air=n_O2*32+n_N2*28 

AF=m_air/m_fuel 


"Some Wrong Solutions with Common Mistakes:" 
W1_AF=1/AF "Taking the inverse of AF" 
W2_AF=n_O2+n_N2 "Finding air-fuel mole ratio" 
W3_AF=AF/coeff "Ignoring excess air" 


15-132 A fuel is burned steadily in a combustion chamber. The combustion temperature will be the highest except when 
(a) the fuel is preheated. 

(b) the fuel is burned with a deficiency of air. 

(c) the air is dry. 

(d) the combustion chamber is well insulated. 

(e) the combustion is complete. 


Answer (b) the fuel is burned with a deficiency of air. 
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15-133 An equimolar mixture of carbon dioxide and water vapor at 1 atm and 60°C enter a dehumidifying section where the 
entire water vapor is condensed and removed from the mixture, and the carbon dioxide leaves at 1 atm and 60°C. The 
entropy change of carbon dioxide in the dehumidifying section is 


(a) -2.8 kI/kg-K (b) -0.13 kJ/kg K (c) 0 (d) 0.13 kJ/kg K (e) 2.8 kJ/kg K 
Answer (b)—0.13 kJ/kg:K 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


Cp_CO2=0.846 
R_CO2=0.1889 

T1=60+273 "K" 

T2=T1 

P1= 1 "atm" 

P2=1 "atm" 

y1_CO2=0.5; P1_CO2=y1_CO2*P1 

y2_CO2=1; P2_CO2=y2_CO2*P2 
Ds_CO2=Cp_CO2*In(T2/T1)-R_CO2*In(P2_CO2/P1_CO2) 


"Some Wrong Solutions with Common Mistakes:" 
W1_Ds=0 "Assuming no entropy change" 
W2_Ds=Cp_CO2*In(T2/T1)-R_CO2*In(P1_CO2/P2_CO2) "Using pressure fractions backwards" 


15-134 Methane (CH4) is burned completely with 80% excess air during a steady-flow combustion process. If both the 
reactants and the products are maintained at 25°C and | atm and the water in the products exists in the liquid form, the heat 
transfer from the combustion chamber per unit mass of methane is 


(a) 890 MJ/kg (b) 802 MJ/kg (c) 75 MJ/kg (d) 56 MJ/kg (e) 50 MJ/kg 
Answer (d) 56 MJ/kg 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T= 25 "C" 

P=1 "atm" 

EXCESS=0.8 

"Heat transfer in this case is the HHV at room temperature,” 
HHV_CH4 =55.53 "MJ/kg" 

LHV_CH4 =50.05 "MJ/kg" 


"Some Wrong Solutions with Common Mistakes:" 
W1_Q=LHV_CH4 "Assuming lower heating value" 
W2_Q=EXCESS*hHV_CH4 "Assuming Q to be proportional to excess air" 
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15-135 The higher heating value of a hydrocarbon fuel C,H,, with m = 8 is given to be 1560 MJ/kmol of fuel. Then its 
lower heating value is 


(a) 1384 MJ/kmol (b) 1208 MJ/kmol (c) 1402 MJ/kmol (d) 1540 MJ/kmol (e) 1550 MJ/kmol 
Answer (a) 1384 MJ/kmol 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


HHV=1560 "MJ/kmol fue!" 

h_fg=2.4423 "MJ/kg, Enthalpy of vaporization of water at 25C" 
n_H=8 

n_water=n_H/2 

m_water=n_water*18 

LHV=HHV-h_fg*m_water 


"Some Wrong Solutions with Common Mistakes:" 

W1_LHV=HHV - h_fg*n_water "Using mole numbers instead of mass" 

W2_LHV= HHV - h_fg*m_water*2 "Taking mole numbers of H20 to be m instead of m/2" 

W3_LHV= HHV - h_fg*n_water*2 "Taking mole numbers of H2O to be m instead of m/2, and using mole 
numbers" 


15-136 Acetylene gas (C2H2) is burned completely during a steady-flow combustion process. The fuel and the air enter the 
combustion chamber at 25°C, and the products leave at 1500 K. If the enthalpy of the products relative to the standard 
reference state is -404 MJ/kmol of fuel, the heat transfer from the combustion chamber is 


(a) 177 MJ/kmol (b) 227 MJ/kmol (c) 404 MJ/kmol (d) 631 MJ/kmol (e) 751 MJ/kmol 
Answer (d) 631 MJ/kmol 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


hf_fuel=226730/1000 "MJ/kmol fuel" 
H_prod=-404 "MJ/kmol fuel" 
H_react=hf_fuel 
Q_out=H_react-H_prod 


"Some Wrong Solutions with Common Mistakes:" 
W1_Qout= -H_prod "Taking Qout to be H_prod" 
W2_Qout= H_react+H_prod "Adding enthalpies instead of subtracting them" 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


15-138 


15-137 Benzene gas (C6H6) is burned with 95 percent theoretical air during a steady-flow combustion process. The mole 
fraction of the CO in the products is 


(a) 8.3% (b) 4.7% (c) 2.1% (d) 1.9% (e) 14.3% 
Answer (c) 2.1% 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


n_C=6 

n_H=6 

a_th=n_C+n_H/4 

coeff=0.95 "coeff=1 for theoretical combustion, 1.5 for 50% excess air" 

"Assuming all the H burns to H2O, the combustion equation is 
C6H6+coeff*a_th(O2+3.76N2)----- (n_CO2) CO2+(n_CO)CO+(n_H20) H20+(n_N2) N2" 

n_O2=coeff*a_th 

n_N2=3.76*n_O2 

n_H20=n_H/2 

n_CO2+n_CO=n_C 

2*n_CO2+n_CO+n_H20=2*n_O2 "Oxygen balance" 

n_prod=n_CO2+n_CO+n_H20+n_N2 "Total mole numbers of product gases" 

y_CO=n_CO/n_prod "mole fraction of CO in product gases" 


"Some Wrong Solutions with Common Mistakes:" 
W1_yCO=n_CO/n1_prod; n1_prod=n_CO2+n_CO+n_H20 "Not including N2 in n_prod" 
W2_yCO=(n_CO2+n_CO)/n_prod "Using both CO and CO2 in calculations" 


15-138 A fuel is burned during a steady-flow combustion process. Heat is lost to the surroundings at 300 K at a rate of 1120 
kW. The entropy of the reactants entering per unit time is 17 kW/K and that of the products is 15 kW/K. The total rate of 
exergy destruction during this combustion process is 


(a) 520 kW (b) 600 kW (c) 1120 kW (d) 340 kW (e) 739 kW 
Answer (a) 520 kW 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


To=300 "K" 

Q_out=1120 "kW" 

S_react=17 "kW'K" 

S_prod= 15 "kW/K" 

S_react-S_prod-Q_ out/To+S_gen=0 "Entropy balance for steady state operation, Sin-Sout+Sgen=0" 
X_dest=To*S gen 


"Some Wrong Solutions with Common Mistakes:" 
W1_Xdest=S_gen "Taking Sgen as exergy destruction" 
W2_Xdest=To*S_gen1; S_react-S_prod-S_gen1=0 "Ignoring Q_out/To" 
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15-139 «-- 15-144 Design and Essay Problems 


15-139 A certain industrial process generates a liquid solution of ethanol and water as the waste product. The solution is to 
be burned using methane. A combustion process is to be developed to accomplish this incineration process with minimum 
amount of methane. 


Analysis The mass flow rate of the liquid ethanol-water solution is given to be 10 kg/s. Considering that the mass fraction 
of ethanol in the solution is 0.2, 


m (0.2)(10 kg/s) = 2 kg/s 


ethanol — 


M water = (0.8X10 kg/s)= 8 kg/s 


Noting that the molar masses Methanoi = 46 and Mwater = 18 kg/kmol and that mole numbers N = m/M, the mole flow rates 
become 


m _ 2kg/s 


N ethanol = = 0.04348 kmol/s 
M etnanot) 46 kg/kmol 
{ M water 8 kg/s 
N water = = 0.44444 kmol/s 
M water 18 kg/kmol 
Note that 
N 
water OAA = 10.222 kmol H,O/kmol C,H;0H 
Newnanot 0.04348 


That is, 10.222 moles of liquid water is present in the solution for each mole of ethanol. 
Assuming complete combustion, the combustion equation of C,H;OH (4) with stoichiometric amount of air is 
C,H,OH(¢)+a,,(O, +3.76N ,)——> 2CO,, + 3H,0 + 3.76ay,N, 


where dy, is the stoichiometric coefficient and is determined from the O, balance, 


1+2ay, =4+3 > dy =3 
Thus, 
C,H,OH(¢)+ 3(0, +3.76N, )——> 2CO,, +3H,0 + 11.28N, 


Noting that 10.222 kmol of liquid water accompanies each kmol of ethanol, the actual combustion equation can be written 
as 


C,H,OH(¢)+3(0, +3.76N, )+10.222H,0(¢)—> 2CO, +3H,O(g)+11.28N,, +10.222H,0(1) 
The heat transfer for this combustion process is determined from the steady-flow energy balance equation with W = 0, 
Q= > N,(h; +h-h°), -Y Nghi; +h-h°), 
Assuming the air and the combustion products to be ideal gases, we have h = h(T). We assume all the reactants to enter the 


combustion chamber at the standard reference temperature of 25°C. Furthermore, we assume the products to leave the 
combustion chamber at 1400 K which is a little over the required temperature of 1100°C. From the tables, 
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Substance 


C,H;OH (4) 
CH, 
Or 
N2 
H20 (g) 
H2O (4) 
CO, 

Thus, 


hy 
kJ/kmol 
-277,690 
-74,850 
0 

0 
-241,820 
-285,830 
-393,520 


Hog K 
kJ/kmol 


8682 
8669 
9904 


9364 


Hy 400 K 
kJ/kmol 


45,648 
43,605 
53,351 


65,271 


Q = (2\-393,520 + 65,271 —9364)+ (3\-241,820+ 53,351—9904) 
11.28)(0 + 43,605 — 8669)— (1—277,690)— 0-0 


+( 
+ (10.222 — 241,820 + 53,351—9904)—(10.222)(— 285,830) 
=2 


95,409 kJ/kmol of C,H;OH 


15-140 


The positive sign indicates that 295,409 kJ of heat must be supplied to the combustion chamber from another source (such 
as burning methane) to ensure that the combustion products will leave at the desired temperature of 1400 K. Then the rate 


of heat transfer required for a mole flow rate of 0.04348 kmol C;H;OH/s CO becomes 
Q = NQ = (0.04348 kmol/s\295,409 kJ/kmol) = 12,844 kJ/s 
Assuming complete combustion, the combustion equation of CH,(g) with stoichiometric amount of air is 


CH, + ay,(O, +3.76N, )——> CO, + 2H,0 + 3.76a,,N> 


where an is the stoichiometric coefficient and is determined from the O, balance, 


Thus, 


dy =1+1 > Ay, =2 


CH, +2(0, +3.76N, )——> CO, +2H,0+7.52N) 


The heat transfer for this combustion process is determined from the steady-flow energy balance Ein- Eo 


equation as shown above under the same assumptions and using the same mini table: 


Q = (1X-393,520 + 65,271 — 9364) + (2{-241,820 + 53,351 — 9904) 


+ (7.52)(0 + 43,605 — 8669) —(1)(—74,850)—0—0 
= -396,790 kJ/kmol of CH, 


That is, 396,790 kJ of heat is supplied to the combustion chamber for each kmol of methane burned. To supply heat at the 
required rate of 12,844 kJ/s, we must burn methane at a rate of 


Q 12,844 kJ/s 


Ncu, 


or, 


Q 396,790 ki/kmol 


= 0.03237 kmolCH ,/s 


tien, =M cu, Ncn, = (16 kg/kmol)(0.03237 kmolCH ,/s) = 0.5179 kgs 


Therefore, we must supply methane to the combustion chamber at a minimum rate 0.5179 kg/s in order to maintain the 


temperature of the combustion chamber above 1400 K. 
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Chapter 16 
CHEMICAL AND PHASE EQUILIBRIUM 


PROPRIETARY AND CONFIDENTIAL 


This Manual is the proprietary property of The McGraw-Hill Companies, Inc. (“McGraw-Hill”) and 
protected by copyright and other state and federal laws. By opening and using this Manual the user 
agrees to the following restrictions, and if the recipient does not agree to these restrictions, the Manual 
should be promptly returned unopened to McGraw-Hill: This Manual is being provided only to 
authorized professors and instructors for use in preparing for the classes using the affiliated 
textbook. No other use or distribution of this Manual is permitted. This Manual may not be sold 
and may not be distributed to or used by any student or other third party. No part of this 
Manual may be reproduced, displayed or distributed in any form or by any means, electronic or 
otherwise, without the prior written permission of McGraw-Hill. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-2 


K, and Equilibrium Composition of Ideal Gases 


16-1C No, the wooden table is NOT in chemical equilibrium with the air. With proper catalyst, it will reach with the oxygen 
in the air and burn. 


16-2C They are 


PY PY? ety NYC NY? P Av 
K,= G ED , K, =e AG*(T)/RT and K,= c YD 
Be Pa Nis Ny N total 


where Av =vç +Vp—V4—VYpg. The first relation is useful in partial pressure calculations, the second in determining the K, 
from gibbs functions, and the last one in equilibrium composition calculations. 


16-3C (a) No, because K, depends on temperature only. 


(b) In general, the total mixture pressure affects the mixture composition. The equilibrium constant for the reaction 
N, +0, <2NO can be expressed as 


(VNo Yn, Yo, ) 
NYNO P 2 5) 
g -Nw | ) 


Poy v, N 
N we N 02 total 
N3 O, 


The value of the exponent in this case is 2-1-1 = 0. Therefore, changing the total mixture pressure will have no effect on the 
number of moles of Nj, O, and NO. 


16-4C (a) The equilibrium constant for the reaction CO+ + O, & CO, can be expressed as 


K, 


Neo? í P Jo —Vco-Vo, ) 
N@ No” N total 

Judging from the values in Table A-28, the K, value for this reaction decreases as temperature increases. That is, the 
indicated reaction will be less complete at higher temperatures. Therefore, the number of moles of CO, will decrease and 
the number moles of CO and O; will increase as the temperature increases. 


(b) The value of the exponent in this case is 1-1-0.5=-0.5, which is negative. Thus as the pressure increases, the term in the 
brackets will decrease. The value of K, depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (CO ) must increase, and the number of moles of the 
reactants (CO, O2) must decrease. 
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16-3 
16-5C (a) The equilibrium constant for the reaction N, <2N can be expressed as 


K = “| P _ 


P v 
N ~ N total 
N2 


Judging from the values in Table A-28, the K, value for this reaction increases as the temperature increases. That is, the 
indicated reaction will be more complete at higher temperatures. Therefore, the number of moles of N will increase and the 
number moles of N, will decrease as the temperature increases. 


(b) The value of the exponent in this case is 2-1 = 1, which is positive. Thus as the pressure increases, the term in the 
brackets also increases. The value of K, depends on temperature only, and therefore it will not change with pressure. Then 
to keep the equation balanced, the number of moles of the products (N) must decrease, and the number of moles of the 
reactants (N2) must increase. 


16-6C The equilibrium constant for the reaction CO +40 2 <> CO, can be expressed as 


K, 


Ne P (Vco, Yco Yo, ) 
2 
v, 
NXS N 02 Co. | 

co +' O, 


Adding more N; (an inert gas) at constant temperature and pressure will increase Niota but will have no direct effect on other 
terms. Then to keep the equation balanced, the number of moles of the products (CO2) must increase, and the number of 
moles of the reactants (CO, O2) must decrease. 


16-7C The values of the equilibrium constants for each dissociation reaction at 3000 K are, from Table A-28, 
N, © 2N © ln K, = -22.359 
H, © 2H & ln K, =-3.685 (greater than - 22.359) 


Thus H; is more likely to dissociate than N3. 


16-8C (a) This reaction is the reverse of the known CO reaction. The equilibrium constant is then 
1/ Kp 


(b) This reaction is the reverse of the known CO reaction at a different pressure. Since pressure has no effect on the 
equilibrium constant, 


1/ Kp 
(c) This reaction is the same as the known CO reaction multiplied by 2. The quilibirium constant is then 
Kp 


(d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium 
constant, 


Kp 
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16-4 
16-9C (a) This reaction is the reverse of the known H30 reaction. The equilibrium constant is then 
1/ Kp 


(b) This reaction is the reverse of the known H,O reaction at a different pressure. Since pressure has no effect on the 
equilibrium constant, 


1/ Kp 
(c) This reaction is the same as the known H20 reaction multiplied by 3. The quilibirium constant is then 
Kp 


(d) This is the same as reaction (c) occurring at a different pressure. Since pressure has no effect on the equilibrium 
constant, 


Kp 


16-10 The partial pressures of the constituents of an ideal gas mixture is given. The Gibbs function of the nitrogen in this 
mixture at the given mixture pressure and temperature is to be determined. 


Analysis The partial pressure of nitrogen is 


Px =110 kPa = (110/101.325) = 1.086 atm 


N2 ,CO2, NO 
The Gibbs function of nitrogen at 293 K and 1.086 atm is 
Pyo = 110 kPa 
g(293 K,1.086 atm) = g * (293 K, 1 atm) + R,T In P2 293 K 
= 0 + (8.314 kJ/kmol.K)(293 K)In(1.086 atm) 
= 200 kJ/kmol 


16-11 The mole fractions of the constituents of an ideal gas mixture is given. The Gibbs function of the N, in this mixture at 
the given mixture pressure and temperature is to be determined. 


Analysis From Tables A-18 and A-26, at | atm pressure, 
g * (600K, l atm) = gy + Aln(r) ~ 15° (T)| 
= 0+ (17,563 — 600 x 212.066) — (8669 — 298 x 191.502) 
= —6 1,278 kJ/kmol 
The partial pressure of N, is 
Poo = YnoP = (0.30)(5 atm) = 1.5 atm 


The Gibbs function of N, at 600 K and 1.5 atm is 
g(600 K, 1.5 atm) = g * (600 K, latm)+ R,T In Poo 
= —61,278 kJ/kmol + (8.314 kJ/kmol)(600 K)In(1.5 atm) 
= —59,260 kJ/kmol 
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16-5 


16-12 The temperature at which 0.2 percent of diatomic oxygen dissociates into monatomic oxygen at two pressures is to be 
determined. 


Assumptions 1 The equilibrium composition consists of N, and N. 2 The constituents of the mixture are ideal gases. 
Analysis (a) The stoichiometric and actual reactions can be written as 
Stoichiometric: N, &2N (thus Vy) =1 and vy =2) 


Actual: N, <= 0.998N, +0.004N 


react. prod. 


The equilibrium constant K, can be determined from 


VN Vn —Vn2 2 2-1 
i NN P _ 0.004 ( 1/101.325 ) E E 


PN (Noul -0.998 (0.998 + 0.004 
and 


InK, =-15.66 


From Table A-28, the temperature corresponding to this Ink, value is 
T = 3628 K 
(b) At 10 kPa, 


NYS Vn —YNa2 2 2-1 

ipaa P _ 0.004 fom 325 -1.579x10~ 
NV? (N otal 0.998 (0.998 + 0.004 

Ink, = -13.36 


From Table A-28, the temperature corresponding to this Ink, value is 


T= 3909 K 
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16-6 
16-13 The equilibrium constant of the reaction H,O < H, + + O, is to be determined using Gibbs function. 


Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 


— ep AGT) R,T == 
K,=e or Ink, =-AG*(T)/R,T 


where H,O © H; + %20, 
AG * (T) = Vi 8p (T) + Vo2802(T) -V 208 120 (T) 
At 500 K, 
AG * (T)=Vip pp (T) + Vo2802(T) — Vino S20 (7) 
=Vin(h -T5)m + Von (h — TS) 02 — Vmo (h - TS) w20 
=Vip h; + Ahsoo = hags) -Ts]m 
+Vo2 (a; + Ahsoo = Aog) -Ts]o2 
—Vip0 h; + Asoo g Agog) -Ts lipo 
=1x (0 +14,350 — 8468 — 500 x 145.628) 
+ 0.5 x (0 + 14,770 — 8682 — 500 x 220.589) 


—1x (—241,820 + 16,828 — 9904 — 500 x 206.413) 
= 219,067 kJ/kmol 


500 K 


Substituting, 
In K , =—(219,067 kJ/kmol)/[(8.3 14 kJ/kmol - K)(500 K)] = -52.70 


or 
K , =1.30x10~” (Table A - 28:In K „ = -52.70) 
At 2000 K, 
AG * (T) = vm gm (T) + Vor S02 (T) - VmoZ 20 (T) 
=Vip (h -Ts)m + Vo2 (A -Ts)o2 — Ymo (h -Ts)mo 
=vVm[(A; + h00 — A298) — TS] 
Ba Vool(h + hago = has) -Ts ]o2 
— V0 a; + haooo + Agog) — TS 120 
=] x (0+ 61,400 — 8468 — 2000 x 188.297) 
+ 0.5 x (0 + 67,881 — 8682 — 2000 x 268.655) 
— 1 x (—241,820 + 82,593 — 9904 — 2000 x 264.571) 
= 135,556 kJ/kmol 
Substituting, 
In K „ =—(135,556 kJ/kmol)/[(8.3 14 kJ/kmol - K)(2000 K)] = -8.15 
or 


= ; = 
K, =2.88x10~ (Table A - 28: InK , =-8.15) 
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16-7 


16-14 The reaction C + O) < CO; is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K are to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, C and O2. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 


Actual: C+0, —>xC + yO, + 2CO, C +O, = CO, 
react. products 3800 K 
1 atm 
C balance: l=x+z—>z=l-x 
O balance: 2=2y+2z—> y=l-z=1-(l-x)=x 


Total number of moles: Neta =X +y+z=l+x 
The equilibrium constant relation can be expressed as 


Vco2 (Vco2-Ve-Vo2) 
K = No? F 
P Ve Vo2 N 

N Č N o2 total 


From the problem statement at 3800 K, In K n= —0.461. Then, 


K „ =exp(-0.461) = 0.6307 


Substituting, 

0.6307 = on f - -) 7 
Solving for x, 

x = 0.7831 
Then, 

y=x=0.7831 


z=1-x=0.2169 
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 


0.7831C + 0.78310, + 0.2169 CO, 
The mole fraction of carbon dioxide is 


N 
Yeon = Noor = 02169 01216 


Neo 1+ 0.7831 
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16-15 The reaction C + O) < CO, is considered. The mole fraction of the carbon dioxide produced when this reaction 
occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined. 
Assumptions 1 The equilibrium composition consists of CO, C and O}. 2 The constituents of the mixture are ideal gases. 
Analysis We first solve the problem for 1 atm pressure: 
The stoichiometric and actual reactions in this case are 
Stoichiometric: C+0O,<@CO, (thus vc =1, Voz =1, and veg, = 1) 


Actual: C+0, —>xC + yO, + zCO, C +0, & CO; 
react. products 3800 K 

C balance: l=x+z—>z=l-x 1 atm 

O balance: 2=2y+2z—> y=1-z=1-(l-x)=x 


Total number of moles: Nea =X + yt+zZ=1+x 
The equilibrium constant relation can be expressed as 
oa N% l P ~ 
PONCE NC | N oal 
From the problem statement at 3800 K, In K y= —0.461. Then, 
K „ =exp(—0.461) = 0.6307 


Substituting, 
1-1-1 
0.6307 =- €> í l ) 
(x(x) l+x 

Solving for x, 

x = 0.7831 
Then, 

y=x=0.7831 


z=1-x=0.2169 
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 
0.7831C + 0.78310, + 0.2169 CO, 
The mole fraction of carbon dioxide is 
Ncoz _ 0.2169 
Nota 1+0.7831 


= 0.1216 


¥co2 = 


We repeat the calculations at 700 kPa pressure: 
The pressure in this case is 700 kPa/(101.325 kPa/atm) = 6.908 atm. Then, 


oe Nee P (Vco2-Ve-Vo2) 
N 


p 


NE Noe total 
ao + 
PAAA (1 — x) (6.908 1-1-1 C +0; & CO: 
' (x) +x 3800 K 
x= 0.4320 700 kPa 
y =x = 0.4320 


z=1-x=0.5680 
Therefore, the equilibrium composition of the mixture at 3800 K and 700 kPa is 
0.4320 C + 0.4320 O, + 0.5680 CO, 
The mole fraction of carbon dioxide is 
Nco2 0.5680 


= 3 = 0.3966 
TS e 140.4920 
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16-16 The reaction C + O) < CO; is considered. The mole fraction of the carbon dioxide produced when this reaction 


occurs at al atm and 3800 K and 700 kPa and 3800 K are to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, C and O2. 2 The constituents of the mixture are ideal gases. 


Analysis We first solve the problem for the reaction C + O, <= CO: 
The stoichiometric and actual reactions in this case are 


Actual: C+0, —>xC + yO, + zCO, 

— — 

react. products 

C balance: l=x+z—>z=l-x 
O balance: 2=2y+2z—> y=l-z=1-(l-x)=x 


Total number of moles: Neta =X +y+z=l+x 
The equilibrium constant relation can be expressed as 


Vco2 (Vco2-Ve-Vo2) 
K = No? P 
P Ve Vo2 N 

N Cc N o2 total 


From the problem statement at 3800 K, In K z= —0.461. Then, 


K „ =exp(-0.461) = 0.6307 


Substituting, 

0.6307 = on (+) i 
Solving for x, 

x = 0.7831 
Then, 

y=x=0.7831 


z=1-x=0.2169 
Therefore, the equilibrium composition of the mixture at 3800 K and 1 atm is 


0.7831 C + 0.78310, + 0.2169 CO, 
The mole fraction of carbon dioxide is 


yo -Fco 92169 0.1216 
C02 Woar 1+0.7831 


C +0, © CO, 


3800 K 
1 atm 
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If the reaction is: C + (O, + 3.76 Ny) <= CO, + 3.76 N, 
The stoichiometric and actual reactions in this case are 


Stoichiometric: 


C+(O, + 3.76 N,)@CO, + 3.76 N, (thus Vo =], Vo2 =], V2 =3.76, Vco2 =],and VN2 =3.76) 


Actual: C+ (0, +3.76N,)—>xC + yO, +zCO, +3.76N, 
react. products 

C balance: l=x+z—>z=1-x 

O balance: 2=2y+2z—> y=1-z=1-(l-x)=x 


Total number of moles: Nota =X + V4+72+3.76=4.764+x 


tota 


The equilibrium constant relation can be expressed as 


Vco2 jt YN2 (Yco2+¥N2-Ve-Voa-Vna) 
K Nco Ny? | ‘4 
P v v, v 
N, Cc N oD N- ND N. total 
Vco2 (Vco2-Ve-Vo2 
or K,= N'co3 P 
P Yo y“ | N 
N C N 02 total 


From the problem statement at 3800 K, Ink, =12.49 . Then, 


K „ = exp(12.49) = 265,670 


Substituting, 
265,670 = 2 ( ) 
(x)(x) 4.76 + x 
Solving for x, 
x = 0.004226 
Then, 
y =x = 0.004226 


z=1-x=0.9958 
Therefore, the equilibrium composition of the mixture at 3800 K and | atm is 


0.004226 C + 0.004226 O, +3.76 N, +0.9958CO, +3.76N, 
The mole fraction of carbon dioxide is 


N ; 
Neon = = 0.9958 __ _ 9.2090 
Notai 4:76 + 0.004226 


C+(03+3.76N>) 
CO+3.76N> 


3800 K 


1 atm 
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16-17 A gaseous mixture consisting of methane and carbon dioxide is heated. The equilibrium composition (by mole 
fraction) of the resulting mixture is to be determined. 


Assumptions 1 The equilibrium composition consists of CHy, C, H3, and CO,. 2 The constituents of the mixture are ideal 
gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: CH, <@C+2H, (thus vep, =1, Ve =1, and Vy = 2) 


Actual: 0.3CH 4 + 0.7CO, ——xCH, + yC + zH 2 + 0.7CO 5 
react. products inert 
C balance: 0.3=x+ y— > y=03-x CH4, CO2 
1200 K 
H balance: 1.2 = 4x + 2z ——> z = 0.6- 2x 1 atm 


Total number of moles: Nət =X +y +z+1=1.6-2x 


The equilibrium constant relation can be expressed as 


V, —Vc-V, 
Nice P cH4 Vo V2 
CH4 
K = 
P Vc N Ym2 
Ne Nip N 


total 


From the problem statement at 1200 K, In K A 4.147 . Then, 


K „ =exp(4.147) = 63.244 


For the reverse reaction that we consider, 


K „ =1/63.244 = 0.01581 


Substituting, 
1-1-2 
0.01581 = tt 
(0.3 — x)(0.6 — 2x)" (1.6 - 2x 

Solving for x, 

x = 0.0006637 
Then, 

y =0.3 —x = 0.2993 

z= 0.6 — 2x = 0.5987 
Therefore, the equilibrium composition of the mixture at 1200 K and 1 atm is 


0.0006637 CH, + 0.2993 C + 0.5987 H, +0.7 CO, 


The mole fractions are 


oe News ___0.0006637___ 0.006637 _ 0.000415 
Nota 1.6 —2x0.0006637 1.599 
N 
joes 02993 nea 
Nota 1.599 
N i 
Ym = = 0.5987 _ 9.3745 
Neota 1-599 
Noo. 0.7 
= = = 0.4379 
COR Re 1509 
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16-18 The dissociation reaction CO, < CO + O is considered. The composition of the products at given pressure and 
temperature is to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, and O. 2 The constituents of the mixture are ideal gases. 


Analysis For the stoichiometric reaction CO, < CO +40, , from Table A-28, at 2500 K 


In K, =-3.331 
CO, 
For the oxygen dissociation reaction 0.50, < O, from Table A-28, at 2500 K, 2500 K 
In K, =—8.509/2 = —4.255 1 atm 


For the desired stoichiometric reaction CO, = CO+O (thus Veg) = 1 Vco =1 and Vo =)), 


In K, =-3.331- 4.255 = -7.586 


and 
K , =exp(-7.586) = 0.0005075 
Actual: CO, —>xCO, + yCO+zO 
SSS '— WS 
react. products 
C balance: l=x+y —> y=l-x 
O balance: 2=2x+y+z—>z=1-x 


Total number of moles: Net =X + Y+Z=2-xX 


The equilibrium constant relation can be expressed as 


Veco t¥o-V, 
Nico yy Yo P co t¥o Yco2 
_ COO 
Ky Yco2 N 

N co2 total 


Substituting, 
0.0005075 = tas ie 
x 2-x 
Solving for x, 
x = 0.9775 
Then, 
y=1-x=0.0225 
z=1-x=0.0225 
Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is 


0.9775 CO, +0.0225 CO+ 0.0225 O 
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16-19 The dissociation reaction CO, < CO + O is considered. The composition of the products at given pressure and 
temperature is to be determined when nitrogen is added to carbon dioxide. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O, and N2. 2 The constituents of the mixture are ideal 
gases. 


Analysis For the stoichiometric reaction CO, <> CO +40, , from Table A-28, at 2500 K 


In K, = —3,331 CO,, 3N; 


For the oxygen dissociation reaction 0.50, <= O , from Table A-28, at 2500 K, 2500 K 
1 atm 
In K „ = -8.509 / 2 = -4.255 


For the desired stoichiometric reaction CO, & CO+0O (thus Veg) =1, Veco =1 and Vo =)), 


In K, =-3.331- 4.255 = -7.586 


and 
K „ =exp(-7.586) = 0.0005075 
Actual: CO, +3N, ——>xCO, + yCO+ z0+3N, 
react. products inert 
C balance: l=x+y —> y=l-x 
O balance: 2=2x+y+z——>z=l-x 


Total number of moles: Nea =x+ty+z+3=5-x 


The equilibrium constant relation can be expressed as 


PON E a 
ae res] 
Substituting, 
0.0005075 = (—x)d-x) ( 1 ia 
x Bay 


Solving for x, 
x = 0.9557 
Then, 
y=1-x=0.0443 
z=1-x=0.0443 
Therefore, the equilibrium composition of the mixture at 2500 K and 1 atm is 


0.9557 CO, + 0.0443 CO + 0.0443 0+3N, 
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16-20 The reaction Nz + O)< 2NO is considered. The equilibrium mole fraction of NO 1600 K and 1 atm is to be 
determined. 


Assumptions 1 The equilibrium composition consists of N2, O2, and NO. 2 The constituents of the mixture are ideal gases. 
Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: N,+O,<@2NO (thus vyz =1, Vo. =1, and Vyno = 2) 


Actual: N, +0, ——>xN, + yO, + ZNO 

ee ee a 

react. products 

N balance: 2=2x+z >zZ=2-2x 
O balance: 2=2y+z >y=x 


Total number of moles: Neta =X+y+z=2 
The equilibrium constant relation can be expressed as 


v (VNo Yna Yo02) 
E ANS 
P Yn2 y Yo | N 

N N2 N 02 total 


From Table A-28, at 1600 K, In K p7 —5.294 . Since the stoichiometric reaction being considered is double this reaction, 


K , =exp(-2 x 5.294) = 2.522 x10” 


Substituting, 
2-1-1 
s (2-2x)? 1 ) 
2.522x 10 = | — 
x? 2 


Solving for x, 
x = 0.9975 
Then, 
y =x =0.9975 
z=2-2x = 0.005009 
Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is 


0.9975 N, + 0.99750, + 0.005009 NO 
The mole fraction of NO is then 


N 
Yno = — We = es = 0.002505 


N total 
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16-21E The equilibrium constant of the reaction H) + 1/20, <> H,0 is listed in Table A-28 at different temperatures. The 
data are to be verified at two temperatures using Gibbs function data. 


Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
_ AGT) RT z 
K,=e or Ink, =-AG*(T)/R,T 
wae H; + %0,<> H2O 
AG*(T) =Vy,081,0(7)-Vu, Bu, (T) -Vo0, 80, T) 


At 537R, 
AG *(T) = 1(—98,350) — 1(0) — 0.5(0) = -98,350 Btu/Ibmol 


537R 


Substituting, 
InK,, = —(—98,350 Btu / lbmol) /[(1.986 Btu /Ibmol - R)(537 R)] = 92.22 


or 
40 ; = 
K, =1.12x10" (Table A-28: Ink, = 92.21) 
(b) At 4320 R, 


AG* (T) =Vy,08n,0(T) - Vu, Zn, (T) - Vo, Zo, (T) 
=Vy,0(h - 15) 1,0 Vy, (h TS)p, Vo, (h TS)o, 


= Vuolh; + hagoo = hissy) = ES hin 
Vu [(A, + haz = hoo) —Ts]q, 
—Vo, a; + Aa320 — hog) — Ts]o, 

=1x (—104,040 + 44,533 — 4258 — 4320 x 65.504) 
— 1x (0 + 32,647.2 — 3640.3 — 4320 x 46.554) 
—0.5 x (0 + 35,746 — 3725.1 — 4320 x 65.831) 

= —48,451 Btu/Ibmol 

Substituting, 
In K „ =—(-48,451 Btu/Ibmol)[(1.986 Btu/Ibmol R)(4320 R)] = 5.647 


or 


K , = 283 (Table A - 28 :In K „ =5.619 


Discussion Solving this problem using EES with the built-in ideal gas properties give K, = 1.04x 10% for part (a) and K,= 
278 for part (b). 
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16-22 The equilibrium constant of the reaction CO + 1/20 <> CO, at 298 K and 2000 K are to be determined, and 
compared with the values listed in Table A-28. 


Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
Kae OS or In =SAG*()/ Ry 


where 


1 


AG*(T) = Vco28co2 (T) —Vco&co (T) —Vo2802 (T) 
At 298 K, 
AG * (T) = 1(—394,360) — 1(-137,150) —0.5(0) = —257,210 kJ/kmol 


298 K 


where the Gibbs functions are obtained from Table A-26. Substituting, 


(257,210 kI/kmol) 103.81 


ln K, =———— 
P (8.314kJ/kmol- K)(298 K) 


From Table A-28: In K, = 103.76 
(b) At 2000 K, 
AG * (T) =V¢028 602 (T)-V coco L) - Vor 02 (T) 
=Voo2 (2 - TS) co2 —Vco(h - TS) co -Yoz (A -TS) op 


= 1[(-302,128) — (2000)(309.00)]— 1[(-53,826) — (2000)(258.48)]—0.5[(59,193) — (2000)(268.53)] 
= —1 10,409 kJ/kmol 


The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa (1 atm) are obtained from EES. Substituting, 


Pes (—110,409 kJ/kmol) 
P (8.314 kJ/kmol - K)(2000 K) 


From Table A-28: 
ln K p= 6.635 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-17 


> 
16-23 The effect of varying the percent excess air during the steady-flow combustion of hydrogen is to be studied. 


Analysis The combustion equation of hydrogen with stoichiometric amount of air is 
H, +0.5[0, +3.76N, | > H,0 +0.5(3.76) N, 

For the incomplete combustion with 100% excess air, the combustion equation is 
H, + (1+ Ex)(0.5)[0, +3.76N , |—— 0.97 H,0+aH,+60,+cN, 

The coefficients are to be determined from the mass balances 

Hydrogen balance: 2=0.97x2+ax2— >a =0.03 

Oxygen balance: (1+ Ex)x0.5x2=0.97+bx2 

Nitrogen balance: (1+ Ex)x0.5x3.76x2=cx2 


Solving the above equations, we find the coefficients (Ex = 1, a = 0.03 b = 0.515, c = 3.76) and write the balanced reaction 
equation as 


H, +[0, +3.76N, >. 0.97 H,O + 0.03 H,, +0.515 0, +3.76 N, 


Total moles of products at equilibrium are 


Not = 9.97 + 0.03 + 0.515 +3.76 = 5.275 
The assumed equilibrium reaction is 
H,0<—>H, + 0.50, 
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
Ke OU or InK,=-AG*(T)/R,T 
where 
AG * (T) = Vip Zim (Tprod ) + Y02202 T prod) -Ymo mo (T prod ) 
and the Gibbs functions are defined as 
Zin (Tproa) = A -T proa 5) w2 
goz (Tproa) = (h — T proa5) 02 
Zino (Tproa) = (h — T proa) m20 


The equilibrium constant is also given by 


1+0.5-1 5 0.5 0.5 
K, = P ab -( 1 ) (0.03)(0.515) uia 
N iot 0.97! (5.275 0.97 


and In K „ = In(0.009664) = -4.647 


The corresponding temperature is obtained solving the above equations using EES to be 


Tsa = 2600 K 


This is the temperature at which 97 percent of H; will burn into HO. The copy of EES solution is given next. 


"Input Data from parametric table:" 
{PercentEx = 10} 

Ex = PercentEx/100 "EX = % Excess air/100" 
P_prod =101.3"[kPa]" 
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R_u=8.314 "[kJ/kmol-K]" 

"The combustion equation of H2 with stoichiometric amount of air is 

H2 + 0.5(02 + 3.76N2)=H20 +0.5(3.76)N2" 

"For the incomplete combustion with 100% excess air, the combustion equation is 
H2 + (1+EX)(0.5)(O2 + 3.76N2)=0.97 H2O +aH2 + bO2+cN2" 

"Specie balance equations give the values of a, b, and c." 

"H, hydrogen" 

2 = 0.97*2 + a*2 

"O, oxygen" 

(1+Ex)*0.5*2=0.97 + b*2 

"N, nitrogen" 

(1+Ex)*0.5*3.76 *2 = c*2 

N_tot =0.97+a +b +c "Total kilomoles of products at equilibrium" 

"The assumed equilibrium reaction is 

H20=H2+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 

each H2mponent in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_ H20=Enthalpy(H20,T=T_prod )-T_prod *Entropy(H20,T=T_prod ,P=101.3) 
g_ H2=Enthalpy(H2,T=T_prod )-T_prod *Entropy(H2,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 
"The standard-state Gibbs function is" 

DELTAG =1*g_H2+0.5*g_O2-1*g_H2O0 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot)*(1+0.5-1)*(a*1*b‘%0.5)/(0.97%1)" 

sqrt(P/N_tot )*a *sqrt(b )=K_P *0.97 


InK_p = In(k_P) 
2625 T T T T T T T T T T T T T T T T 
In K, | PercentEx | Tprod 
[%] [K] 
-5.414 10 2440 2585+ 
-5.165 20 2490 
-5.019 30 2520 
-4.918 40 2542 2545+ 
-4.844 50 2557 8 
-4.786 60 2570 | 2 [ 
-4.739 70 2580 2505+ 
-4.7 80 2589 
-4.667 90 2596 l 
-4.639 100 2602 2465Ł 
2425 1 | 1 | 1 1 1 | 1 ji 1 1 1 | 1 | 1 
10 20 30 40 50 60 70 80 90 100 


PercentEx 
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16-19 
16-24 The equilibrium constant of the reaction CH4 + 20, <+> CO, + 2H,0 at 25°C is to be determined. 


Analysis The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 


— o-AG*(T)/R,T =É 
K,=e or InK,=-AG*(T)/R,T 


CH, ate 20, > CO, + 2H,O 


where 
AG*(T) =V co, Zco, (T)+Vn,088,0 (T) -Ven, Fen, (7) - Vo, Zo, (T) 25°C 
At 25°C, 
AG *(T) = 1(-394,360) + 2(—228,590) — 1(—50,790) — 2(0) = -800,750 kJ / kmol 
Substituting, 
In K „ = —(-800,750 kJ/kmol)/[(8.314 kJ/kmol - K)(298 K)] = 323.04 
or K, =1.96 x10 


16-25 The equilibrium constant of the reaction CO, <> CO + 1/20, is listed in Table A-28 at different temperatures. It is to 
be verified using Gibbs function data. 


Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 


— p AGT) RT Z 
K, =e or Ink, =-AG*(T)/R,T 


where AG*(T)=Vceo8co(T)+Vo, Zo, (T)-Vco, Sco, (T) 


CO, © CO + %20, 


At 298 K, 298 K 
AG * (T) = 1(-137,150) + 0.5(0) — I(-394,360) = 257,210 kJ/kmol 


Substituting, 
In K „ =—(257,210 kJ/kmol)/[(8.314 kJ/kmol - K)(298 K)] = -103.81 


or K,, =8.24x10° (Table A-28:In K „ =—103.76) 
(b) At 1800 K, 
AG*(T) =Vc08co(T)+Vo0, Zo, (T)- vco, co, (T) 
= Veo (h -T5)co tVo, (h-T5)o, —Vco, (h -T5)co, 
F Vcollh; + hi goo —hyg)-TS] co 
tVo, a; + hy goo —hyg)-TS]o, 


—Vco, [(A s + sgo ~ 4298) -T5]co, 
=1x(—-110,530 + 58,191— 8669 —1800 x 254.797) 

+0.5x (0+ 60,371—8682 —1800x 264.701) 

— 1x (—393,520 + 88,806 — 9364 — 1800 x 302.884) 
= 127,240.2 kJ/kmol 


Substituting, In K „ = -(127,240.2 kJ/kmol)/[(8.3 14 kJ/kmol - K)(1800 K)] = -8.502 


or K,, =2.03x10* (Table A-28: In K, =-8.497) 
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16-26 @® Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to 
CO, is to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, Oz, and N>. 2 The constituents of the mixture are ideal 
gases. 


Analysis Assuming N; to remain as an inert gas, the stoichiometric and actual reactions can be written as 


Stoichiometric: CO+40, & CO, (thus vco, =1, Veo =1, and vo, =4) 


Actual: CO +1(0, +3.76N,) ——> 0.93CO, + 0.07CO + 0.5350, + 3.76N 


product reactants inert 


The equilibrium constant K, can be determined from 


K = Neo? | P pes 
P NÝ NV \ Nott CO + %0, > CO, 
, 1-1.5 93 % 
2 0.93 | 1 ) i atm 
0.07 x0.535%5 (0.93 + 0.07 + 0.535 + 3.76 
= 41.80 
and 
In K, =3.733 


From Table A-28, the temperature corresponding to this K, value is T = 2424 K 
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EES 
16-27 Problem 16-26 is reconsidered. The effect of varying the percent excess air during the steady-flow process 
from 0 to 200 percent on the temperature at which 93 percent of CO burn into CO2 is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, we need to give EES a guess value for T_prop other than 
the default value of 1. Set the guess value of T_prod to 1000 K by selecting Variable 
Information in the Options menu. Then press F2 or click the Calculator icon." 


"Input Data from the diagram window:" 
{PercentEx = 100} 

Ex = PercentEx/100 "EX = % Excess air/100" 
P_prod =101.3 [kPa] 

R_u=8.314 [kJ/kmol-K] 

f=0.93 


"The combustion equation of CO with stoichiometric amount of air is 
CO + 0.5(02 + 3.76N2)=CO2 +0.5(3.76)N2" 


"For the incomplete combustion with 100% excess air, the combustion equation is 
CO + (1+EX)(0.5)(O02 + 3.76N2)=0.97 CO2 +aCO + bO2+cN2" 


"Specie balance equations give the values of a, b, and c." 
"C, Carbon" 

1=fta 

"O, oxygen" 

1 +(1+Ex)*0.5*2=f*2 + a*1 + b*2 

"N, nitrogen" 

(1+Ex)*0.5*3.76 *2 = c*2 


N_tot =fta +b +c "Total kilomoles of products at equilibrium" 
"The assumed equilibrium reaction is CO2=CO+0.502" 


"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 


g_ CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3) 
g_ CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 


"The standard-state Gibbs function is" 
DELTAG =1*g_CO+0.5*g_ O2-1*g CO2 


"The equilibrium constant is given by Eq. 15-14." 
K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 
"K_ P = (P/N_tot)*(1+0.5-1)*(a*1*b‘%0.5)/(0.97%1)" 


sqrt(P/N_tot )*a *sqrt(b )=K_P *f 
InK_p = In(k_P) 


"Compare the value of InK_p calculated by EES with the value of InK_p from table A-28 in the text." 
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16-23 


16-28E Carbon monoxide is burned with 100 percent excess air. The temperature at which 93 percent of CO burn to CO; is 
to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O2, and N>. 2 The constituents of the mixture are ideal 
gases. 


Analysis Assuming N; to remain as an inert gas, the stoichiometric and actual reactions can be written as 


Stoichiometric: CO+50, < CO, (thus vco, =1, Veo =1, and vo, =} 


Actual: CO +1(0, +3.76N,) —> 0.93CO,, +0.07CO + 0.5350, +3.76N, 


product reactants inert 


The equilibrium constant K, can be determined from 


p“ coz Vco Yo, ) 
co P 
K = d ) 


Pp v, V, N 
NL N°? total 
co “Yo, 


CO + %20, + CO, 
93 % 


1 atm 


0.93 ( 1 j 3 
0.07 x 0.535% (0.93 + 0.07 + 0.535 + 3.76 
= 41.80 


and 


In K, =3.733 


From Table A-28, the temperature corresponding to this K, value is T = 2424 K = 4363 R 


16-29 Hydrogen is burned with 150 percent theoretical air. The temperature at which 98 percent of H, will burn to H20 is to 
be determined. 


Assumptions 1 The equilibrium composition consists of H20, H3, O2, and N3. 2 The constituents of the mixture are ideal 
gases. 
Analysis Assuming N; to remain as an inert gas, the stoichiometric and actual reactions can be written as 


Stoichiometric: H, +50, & H,O (thus vy,9 =l, Vp, =1, and vo, = 4) 


Actual: H, +0.75(0,+3.76N,) —> 0.98H,0+0.02H, +0.260, +2.82N, 


product reactants inert 


The equilibrium constant K, can be determined from 


k= (eye th 
g Nee No” N total Combustion H20, H> 
2 0 atte chamber Oz, No 
0.98 1 ) f 
0.02 x 0.26 (0.98 + 0.02 + 0.26 + 2.82 Š 
=194.11 


From Table A-28, the temperature corresponding to this K, value is T = 2472 K. 
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16-30 Air is heated to a high temperature. The equilibrium composition at that temperature is to be determined. 
Assumptions 1 The equilibrium composition consists of Nz, O2, and NO. 2 The constituents of the mixture are ideal gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: İN, +40, = NO (thus vyo =1, Vy, sh, and vo, =4) 


Actual: 3.76N,+O, — > xNO+yN,+z0, AIR 

prod. reactants 2000 K 
N balance: 7.52=x+2y or y=3.76-0.5x 2 atm 
O balance: 2=x+2z or z=1-0.5x 


Total number of moles: Notai =X +y +z=x +4.76- x = 4.76 


The equilibrium constant relation can be expressed as 


(Vno YN; Yo; ) 
N% í P ) 2 p) 
NO 
VN Voz 
Ny, No, 


K,= 


N total 


From Table A-28, In K, = -3.931 at 2000 K. Thus K, = 0.01962. Substituting, 


1-1 
0.01962 = L z 2 ) 
(3.76 -0.5x)?5 (1 - 0.5x)?5 (4.76 


Solving for x, 
x = 0.0376 
Then, 
y = 3.76-0.5x = 3.7412 
z = 1-0.5x = 0.9812 
Therefore, the equilibrium composition of the mixture at 2000 K and 2 atm is 
0.0376NO +3.7412N, + 0.98120, 


The equilibrium constant for the reactions O, < 20 (In K, =-14.622) and N, & 2N (ln K, = -41.645) are much smaller 


than that of the specified reaction (In K, = -3.931). Therefore, it is realistic to assume that no monatomic oxygen or nitrogen 
will be present in the equilibrium mixture. Also the equilibrium composition is in this case is independent of pressure since 
Av=1-05-05=0. 
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16-31 Hydrogen is heated to a high temperature at a constant pressure. The percentage of H; that will dissociate into H is to 


be determined. 


Assumptions 1 The equilibrium composition consists of H, and H. 2 The constituents of the mixture are ideal gases. 


Analysis The stoichiometric and actual reactions can be written as 


Stoichiometric: H, > 2H (thus vy, =1 and vy =2) 


Actual: H, —> xH, +y 
= fe 
react. prod. 


H balance: 2=2x+y or y=2-2x 


Total number of moles: Noa =X +ty=x+2-2x=2-x 


The equilibrium constant relation can be expressed as 


Vy Vu Vi 
Nu N, 


otal 


From Table A-28, In K, = 0.934 at 4000 K. Thus K, = 2.545. Substituting, 


= 2 2-1 
za 20) ( 2 ) 
x 2-x 


Solving for x, 
x = 0.664 

Thus the percentage of H) which dissociates to H at 3200 K and 8 atm is 
1 — 0.664 = 0.336 or 33.6% 


H2 
4000 K 


5 atm 
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16-32E A mixture of CO, O», and N: is heated to a high temperature at a constant pressure. The equilibrium composition is 
to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O2, and N>. 2 The constituents of the mixture are ideal 
gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: CO+50, & CO, (thus vco, =1,Vco =1, and vo, =} 


Actual: 2CO+20,+6N, —> xCO,+yCO+z0,+6N, 
products reactants inert 

C balance: 2=x+y — y=2-x 

O balance: 6=2x+yt+2z — > 7z=2-05x 


Total number of moles: Net =x+y+z+6=10-0.5x 
The equilibrium constant relation can be expressed as 


Noo P o —Vco-Vo, ) 
2 


Yoo qr“02 
Noo No, 


K, 


N total 


From Table A-28, In K „, =3.860 at T=4320 R=2400K.Thus K „ = 47.465. Substituting, 


r 3 1-1.5 
aie ree 
(2 — x)(2-0.5x)°> (10 - 0.5x 


Solving for x, 
x = 1.930 
Then, 
y=2-x=0.070 
z=2-0.5x= 1.035 
Therefore, the equilibrium composition of the mixture at 2400 K and 3 atm is 


1.930CO, +0.070CO +1.0350, + 6N, 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-27 


16-33 A mixture of N2, O2, and Ar is heated to a high temperature at a constant pressure. The equilibrium composition is to 
be determined. 


Assumptions 1 The equilibrium composition consists of Nz, O2, Ar, and NO. 2 The constituents of the mixture are ideal 
gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: +N, +40, NO (thus vyo =l, vy, =4, and vo, =} 


1 
2? 


2 
Actual: 3N,+0,+01Ar ——> xNO+yN,+z0,+01Ar 
prod. reactants inert 
N balance: 6=x+2y ——> y=3-05x 
O balance: 2=x+2z — > z=1-05x 


Total number of moles: Nety =X + ¥+724+01=41 


The equilibrium constant relation becomes, 


N VNO P VNo -YN -Vo,) 5 P 1-0.5-0.5 
A NO _ 
K, VN. Yo. N ~  05_0.5 N 
N N 2 N o. 2 total y z total 
2 2 


From Table A-28, In K , = -3.019 at 2400 K. Thus K „, = 0.04885. Substituting, 


x 


0.04885 = x] 
(3-0.5x)°5(1—0.5x)°* 


Solving for x, 
x = 0.0823 
Then, 
y=3-0.5x = 2.9589 
z= 1 - 0.5x = 0.9589 
Therefore, the equilibrium composition of the mixture at 2400 K and 10 atm is 


0.0823NO + 2.9589N , + 0.95890 , + 0.1Ar 
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16-28 


16-34 The mole fraction of sodium that ionizes according to the reaction Na <= Na’ + e at 2000 K and 1.5 atm is to be 


determined. 
Assumptions All components behave as ideal gases. 


Analysis The stoichiometric and actual reactions can be written as 


Stoichiometric: Na<Na*+e° (thus vy, =1, Vat =landv.. =1) 


Actual: Na ——> xNa+ yNa* + ye” 
react. products 
Na balance: l=x+y or y=l-x 


Total number of moles: Net =X +2 =2—-—x 


The equilibrium constant relation becomes, 


Vv. 


VNa e ( FE i a) 1+1-1 
_ Nya N P r KENN -~| P l 
p 
N a N total X N total 
Substituting, 


0.668 -0 (35) 
2 


x -x 
Solving for x, 

x = 0.4449 
Thus the fraction of Na which dissociates into Na* and € is 


1 — 0.4449 = 0.555 or 55.5% 


Na © Na +e 


2000 K 
1.5 atm 
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16-29 


16-35 Oxygen is heated from a specified state to another state. The amount of heat required is to be determined without and 
with dissociation cases. 


Assumptions 1 The equilibrium composition consists of O, and O. 2 The constituents of the mixture are ideal gases. 
Analysis (a) Obtaining oxygen properties from table A-19, an energy balance gives 
E in E out = AE 


system 
a 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


Jin = Uy —Uy 
= 57,192 —6203 


(07; 
= 50,989 kJ/kmol 2200K 
(b) The stoichiometric and actual reactions in this case are 1 atm 


Stoichiometric: O, <20 (thus Voy =1 and Vo =2) 


Actual: O, ——>x0,+ yO 
= 


G 
react. products 


O balance: 2=2x+y >y=2-2x 


Total number of moles: Nta =X+y=2—-xX 


The equilibrium constant relation can be expressed as 


N Vo P Vo—Vo2 
N o N total 


From Table A-28, at 2200 K, In K „ = -11.827 . Then, 


-6 
K „ =exp(-11.827) = 7.305x10 


Substituting, 
2-1 
7305x1075 = (2-2x)* (_1 
` 2-x 


Solving for x, 


x = 0.99865 


Then, 
y=2-2x= 0.0027 

Therefore, the equilibrium composition of the mixture at 2200 K and | atm is 
0.99865 O, + 0.00270 

Hence, the oxygen ions are negligible and the result is same as that in part (a), 


qin = 50,989 kJ/kmol 
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16-36 Air is heated from a specified state to another state. The amount of heat required is to be determined without and with 


dissociation cases. 


Assumptions 1 The equilibrium composition consists of O, and O, and N>. 2 The constituents of the mixture are ideal gases. 


Analysis (a) Obtaining air properties from table A-17, an energy balance gives 


Ein - E out = AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies 


din 542 “Uy 
= 1872.4-212.64 
= 1660 kJ/kg 


(b) The stoichiometric and actual reactions in this case are 


Stoichiometric: O, << 20 (thus Voy =1 and Vo = 2) 


Actual: O, +3.76N, —>x0,+ yO +3.76N, 
= i~ 
react. products inert 
O balance: 2=2x+y >y=2-2x 


Total number of moles: Nota =X + y +3.76 = 5.76- x 
The equilibrium constant relation can be expressed as 


N Vo P Vo—Vo2 
N o N total 


From Table A-28, at 2200 K, In K „ = -11.827 . Then, 


-6 
K „ =exp(-11.827) = 7.305x10 


Substituting, 


2-1 
7305x1076 = 2-2) (_1 
l x 5.76-x 


Solving for x, 
x = 0.99706 

Then, 
y =2 — 2x = 0.00588 

Therefore, the equilibrium composition of the mixture at 2200 K and 1 atm is 
0.997060, +0.00588 O +3.76 N, 

Hence, the atomic oxygen is negligible and the result is same as that in part (a), 


qin = 1660 kJ/kg 


O», 3.76N> 


2200 K 


1 atm 
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16-37 Liquid propane enters a combustion chamber. The equilibrium composition of product gases and the rate of heat 
transfer from the combustion chamber are to be determined. 


Assumptions 1 The equilibrium composition consists of CO», 


H,O, CO, N>, and O,. 2 The constituents of the mixture are ideal Cais 

gases. 25°C | Combustion 
Analysis (a) Considering | kmol of C3Hg, the stoichiometric chamber 
combustion equation can be written as = 


2 atm 


C3Hg(0) + ay, (0, +3.76N) —> 3CO, +4H,0 +3.76a,,N> 12°C 


where ay is the stoichiometric coefficient and is determined from the 
O; balance, 


2.5ah =34+24+1.5ay, —? Ath =5 


Then the actual combustion equation with 150% excess air and some CO in 
the products can be written as 


C3H,(£)+12.5(0, +3.76N,) — > xCO,+(3-x)CO+(9-0.5x)O, +4H,0+47N, 


After combustion, there will be no C; Hs present in the combustion chamber, and H,O will act like an inert gas. The 
equilibrium equation among CO», CO, and O, can be expressed as 


CO, @CO+FO, (thus vco, =1, Veo =1, and vo, =4) 


2 
and 
Yo (Vco+Vo5 —Vco>) 
NYS N 2 co Yo —Vco2 
_ 200 o, P 
P v 
N co2 N total 
co, 
where 


Neo =x + (3—X)+(9—05x)+4 +47 = 63-05x 


tota 


From Table A-28, In K „ = -17.871 at 1200 K. Thus K „ =1.73x 108. Substituting, 


1.73x10% 


~8-90=050"( 2 i 
x 63 —0.5x 


Solving for x, 
x =2.9999999 = 3.0 


Therefore, the amount CO in the product gases is negligible, and it can be disregarded with no loss in accuracy. Then the 
combustion equation and the equilibrium composition can be expressed as 


C3H (4) +12.5(0, + 3.76N,) —>3CO, +750, +4H,0+47N, 
and 


3CO, +7.50, +4H,0+47N, 


(b) The heat transfer for this combustion process is determined from the steady-flow energy balance Ein — E out = AE system 


on the combustion chamber with W = 0, 
=O ae => welt; +h-h'), AS +h-h’), 
Assuming the air and the combustion products to be ideal gases, we have h = A(T). From the tables, (The h f of liquid 


propane is obtained by adding the hy at 25°C to h f Of gaseous propane). 
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hy Hogs K hgg K hi200 K 
Substance kJ/kmol kJ/kmol kJ/kmol kJ/kmol 
C3H, (4) -118,910 --- --- --- 
O 0 8696.5 8682 38,447 
No 0 8286.5 8669 36,777 
H,0 (g) -241,820 EA 9904 44,380 
co, -393,520 om 9364 53,848 

Substituting, 


-Qu = 3(—393,520 + 53,848 — 9364) + 4(—241,820 + 44,380 — 9904) 
+7.5(0 +38,447 — 8682) +47(0 + 36,777 — 8669) 
~1(-118,910 + hyo — hog) — 12.5(0 + 8296.5 — 8682) 
~47(0 +81865— 8669) 

= —185,764 kJ / kmol of C;Hg 


or 
Qout = 185,764 kJ / kmol of CzHg 
The mass flow rate of C3Hg can be expressed in terms of the mole numbers as 


m _ 12kg/min 


= — = — > _= 0.02727 kmol / min 
M 44kg/kmol 


Thus the rate of heat transfer is 
Oout = Nx Qut = (0.02727 kmol/min)(185,746 kJ/kmol) = 5066 kJ/min 


The equilibrium constant for the reaction İN, + 10, © NO is In K, = -7.569, which is very small. This indicates that the 


amount of NO formed during this process will be very small, and can be disregarded. 
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a> 
16-38 Problem 16-37 is reconsidered. It is to be investigated if it is realistic to disregard the presence of NO in the 
product gases. 


Analysis The problem is solved using EES, and the solution is given below. 


"To solve this problem, the Gibbs function of the product gases is minimized. Click on the Min/Max icon." 


For this problem at 1200 K the moles of CO are 0.000 and moles of NO are 0.000, thus we 
can disregard both the CO and NO. However, try some product temperatures above 1286 K 
and observe the sign change on the Q_out and the amout of CO and NO present as the 
product temperature increases." 


"The reaction of C3H8(liq) with excess air can be written: 
C3H8(l) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e O2 + f NO 


The coefficients A_th and EX are the theoretical oxygen and the percent excess air on a decimal 
basis. Coefficients a, b, c, d, e, and f are found by minimiming the Gibbs Free Energy at a total 
pressure of the product gases P_Prod and the product temperature T_Prod. 


The equilibrium solution can be found by applying the Law of Mass Action or by minimizing the Gibbs function. 
In this problem, the Gibbs function is directly minimized using the optimization capabilities built into EES. 


To run this program, click on the Min/Max icon. There are six compounds present in the products subject to four 
specie balances, so there are two degrees of freedom. Minimize the Gibbs function of the product gases with 
respect to two molar quantities such as coefficients b and f. The equilibrium mole numbers a, b, c, d, e, and f 
will be determined and displayed in the Solution window." 


PercentEx = 150 [%] 

Ex = PercentEx/100 "EX = % Excess air/100" 
P_prod =2*P_atm 

T_Prod=1200 [K] 

m_dot_fuel = 0.5 [kg/s] 

Fuel$='C3H8' 

T_air = 12+273 "[K]" 

T_fuel = 25+273 "[K]" 

P_atm = 101.325 [kPa] 

R_u=8.314 [kJ/kmol-kK] 


"Theoretical combustion of C3H8 with oxygen: 
C3H8 + A_th O2 = 3 C02 + 4 H20 " 
2*A_th = 3*2 + 4*1 


"Balance the reaction for 1 kmol of C3H8" 

"C3H8(I) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 + e O2 + f NO" 
b_max = 3 

f_max = (1+Ex)*A_th*3.76*2 

e_guess=Ex*A_th 

1*3 = a*1+b*1 "Carbon balance" 

1*8=c*2 

"Hydrogen balance" 

(1+Ex)*A_th*2=a*2+b*1+c*1+e*2+f*1 "Oxygen balance" 
(1+Ex)*A_th*3.76*2=d*2+f*1 "Nitrogen balance" 
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"Total moles and mole fractions" 
N_Total=at+b+c+d+etf 
y_CO2=a/N_Total; y_CO=b/N_Total; y_H2O0=c/N_Total; y_N2=d/N_ Total; y_O2=e/N_Total; y_NO=f/N_Total 


"The following equations provide the specific Gibbs function for each component as a function of its molar 
amount" 

g_CO2=Enthalpy(CO2,T=T_Prod)-T_Prod*Entropy(CO2,T=T_Prod,P=P_Prod*y_CO2) 
g_CO=Enthalpy(CO,T=T_Prod)-T_Prod*Entropy(CO,T=T_Prod,P=P_Prod*y_CO) 
g_H20=Enthalpy(H20,T=T_Prod)-T_Prod*Entropy(H20,T=T_Prod,P=P_Prod*y_H20) 
g_N2=Enthalpy(N2,T=T_Prod)-T_Prod*Entropy(N2,T=T_Prod,P=P_Prod*y_N2) 
g_O2=Enthalpy(O2,T=T_Prod)-T_Prod*Entropy(O2,T=T_Prod,P=P_Prod*y_O2) 
g_NO=Enthalpy(NO,T=T_Prod)-T_Prod*Entropy(NO,T=T_Prod,P=P_Prod*y_NO) 


"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the molar amount of 
each substance" 
Gibbs=a*g_CO2+b*g_CO+c*g_H20+d*g_N2+e*g_O2+f*g_NO 


"For the energy balance, we adjust the value of the enthalpy of gaseous propane given by EES:" 
h_fg_fuel = 15060"[kJ/kmol]" "Table A.27" 

h_fuel = enthalpy(Fuel$,T=T_fuel)-h_fg_fuel 

"Energy balance for the combustion process:" 

"C3H8(l) + (1+Ex)A_th (02+3.76N2) = a C02 + b CO + c H20 + d N2 +e O2 + f NO" 

HR =Q_out+HP 

HR=h_fuel+ (1+Ex)*A_th*(enthalpy(O2,T=T_air)+3.76*enthalpy(N2,T=T_air)) 
HP=a*enthalpy(CO2,T=T_prod)+b*enthalpy(CO, T=T_prod)+c*enthalpy(H20, T=T_prod)+d*enthalpy(N2,T=T_pro 
d)+e*enthalpy(O2,T=T_prod)+f*enthalpy(NO,T=T_prod) 

"The heat transfer rate is:" 

Q_dot_out=Q_out/molarmass(Fuel$)*m_dot_fuel "[kW]" 


SOLUTION 

a=3.000 [kmol] g_CO2=-707231 [kJ/kmol] Q_dot_out=2140 [kW] 
A_th=5 g_H20=-515974 [kJ/kmol] Q_out=188732 [kJ/kmol_fuel] 
b=0.000 [kmol] g_N2=-248486 [kJ/kmol] R_u=8.314 [kJ/kmol-K] 
b_max=3 g_NO=-342270 [kJ/kmol] T_air=285 [K] 


c=4.000 [kmol] 

d=47.000 [kmol] 

e=7.500 [kmol] 

Ex=1.5 

e_guess=7.5 

f=0.000 [kmol] 
Fuel$='C3H8' 

f_max=94 
Gibbs=-17994897 [kJ] 
g_CO=-703496 [kJ/kmol] 
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g_O2=-284065 [kJ/kmol] 
HP=-330516.747 [kJ/kmol] 
HR=-141784.529 [kJ/kmol] 
h_fg_fuel=15060 [kJ/kmol] 
h_fuel=-118918 [kJ/kmol] 
m_dot_fuel=0.5 [kg/s] 


N_Total=61.5 [kmol/kmol_fuel] 


PercentEx=150 [%] 
P_atm=101.3 [kPa] 
P_prod=202.7 [kPa] 


T_fuel=298 [K] 
T_Prod=1200.00 [K] 
y_CO=1.626E-15 
y_CO2=0.04878 
y_H20=0.06504 
y_N2=0.7642 
y_NO=7.857E-08 
y_O2=0.122 


16-35 


16-39 Oxygen is heated during a steady-flow process. The rate of heat supply needed during this process is to be determined 
for two cases. 


Assumptions 1 The equilibrium composition consists of O, and O. 2 All components behave as ideal gases. 


Analysis (a) Assuming some O, dissociates into O, the dissociation equation can be written as 


O, —_ xO, +2(1-x)O 


The equilibrium equation among O, and O can be expressed as Q 
O, & 20O (thus vo, =1 andvọo =2) 
2 0, o o, 0,0 
Assuming ideal gas behavior for all components, the equilibrium 298K 3000 K 


constant relation can be expressed as 


E a ed 
p` v, N 
total 


where N 


=x+2(l-x)=2-x 


total 


From Table A-28, In K , =—4.357 at 3000K.Thus K „ =0.01282. Substituting, 


= 2 2-1 
0.01282 = 2-2) ( l ) 
x 2-x 


Solving for x gives 
x = 0.943 


Then the dissociation equation becomes 
O, — 09430, +01140 


The heat transfer for this combustion process is determined from the steady-flow energy balance Ein — E out = AE system ON 


the combustion chamber with W = 0, 
On => Neli; +h-h°), -Y elt +h’), 
Assuming the O, and O to be ideal gases, we have h = A(T). From the tables, 


hy Hyg x hzoo0K 
Substance kJ/kmol kJ/kmol kJ/kmol 
O 249,190 6852 63,425 
O, 0 8682 106,780 
Substituting, 


Q,,, = 0.943(0 + 106,780 — 8682) + 0.114(249,190 + 63,425 — 6852) — 0 = 127,363 kJ / kmol O, 
The mass flow rate of O, can be expressed in terms of the mole numbers as 


jy De ee 501563 enol iain 
M  32kg/kmol 
Thus the rate of heat transfer is 
Orn = Nx On = (0.01563 kmol/min)(127,363 kJ/kmol) = 1990 kJ/min 


(b) If no O; dissociates into O, then the process involves no chemical reactions and the heat transfer can be determined 
from the steady-flow energy balance for nonreacting systems to be 


Òn =m(h —h,) = N(h, —h,) = (0.01563 kmol/min)(106,780- 8682) kJ/kmol = 1533 kJ/min 
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16-36 
16-40 The equilibrium constant, K, is to be estimated at 3000 K for the reaction CO + H20 = CO2 + H2. 


Analysis (a) The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 


— p AGT) R,T = 
Ky =e or Ink, =-AG*(T)/R,T 


where 
AG*(T) = Vco2£co2 (T) +Vip Sw (T) —VcoSco (T) -V momo (T) 
At 3000 K, 

AG* (T)= Vco2£co2 (T)+ Vip no (T) - Vco&co (T)- V0 8 H20 (T) 
=Vco2 (h — TS) cor +Vm (h - TS) 2 — Veco (h - TS) co —Vmo(h — TS) p20 
= 1[(-393,520 + 162,226 — 9364) — (3000)(334.084)| 

+ [0 + 97,211 -—8468) — (3000)(202.778)] 
- (1 10,530 + 102,210 — 8669) — (3000)(273.508] 
— [(-24 1,820 + 136,264 — 9904) — (3000)(286.273] 
= 49,291 kJ/kmol 
Substituting, 
Ink, = see 19700 — Se, 0.1996 
(8.314 kJ/kmol- K)(3000 K) 


The equilibrium constant may be estimated using the integrated van't Hoff equation: 
p| Eee -tef 1 =] 
Ky R,\ Tp T 


Kaes — 
In 22 | = 26,176 kJ/kmol 1 1 `K „„„ = 0.1307 
0.2209} 8.314kJ/kmol.K (2000K 3000K p 
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16-41 A constant volume tank contains a mixture of H, and O2. The contents are ignited. The final temperature and pressure 


in the tank are to be determined. 


Analysis The reaction equation with products in equilibrium is 
H, +0, —>a H, +bH,O+cO, 
The coefficients are determined from the mass balances 
Hydrogen balance: 2=2a+2b 
Oxygen balance: 2=b+2c 
The assumed equilibrium reaction is 
H,0<—>H, + 0.50, 
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K, =e OORT or InK, =-AG*(T)/R,T 
where 
AG*(T) =Vip Sip (T proa) + Vogo (Tprod ) -Ymo Zino (Lod) 
and the Gibbs functions are given by 
Zip (Toroa) = (h - T proas ) n2 
Zo (Toroa) = (h - T roa 5) 02 
Zimo (Toroa) = (h F Los) H20 


The equilibrium constant is also given by 


ge et Rae ey 
N iot b a+b+c 


p b! 
An energy balance on the tank under adiabatic conditions gives 


Up =Up 


where 


Up T Ihmezsc Z Ril eae) + Mhor@2sec = TRG reac ) 
=0- (8.314 kJ/kmol.K)(298.15 K)+0-(8.314 kJ/kmol.K)(298.15 K) =-4958 kJ/kmol 
ad ead + blhnoe AE R„Tproa) + chore DaT RL ood) 


Up= ahi Throd rod rod 


The relation for the final pressure is 


NL T T, 
P, = tot mp (athe) prod Jota 


Ni Tha 2 298.15 K 


Solving all the equations simultaneously using EES, we obtain the final temperature and pressure in the tank to be 


T prog = 3857 K 
P, =1043 kPa 
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16-38 


16-42 It is to be shown that as long as the extent of the reaction, a, for the disassociation reaction X, 4> 2X is smaller than 


K 
one, a is given by a = | ——— 
4+ Kp 


Assumptions The reaction occurs at the reference temperature. 
Analysis The stoichiometric and actual reactions can be written as 


Stoichiometric: X,<@2X (thus vy, =1 and vy =2) 
Actual: X, © (l-@)X, +24X 
a, prod. 


react. 


The equilibrium constant K, is given by 


2 NP oeat 1 ) = 4a? 
Po Wie Nie (aati) Malta) 


Solving this expression for o gives 


| K 
a= na edn 
4+ Kp 
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16-39 
Simultaneous Reactions 


16-43C It can be expresses as “(dG);p = 0 for each reaction.” Or as “the K, relation for each reaction must be satisfied.” 


16-44C The number of K, relations needed to determine the equilibrium composition of a reacting mixture is equal to the 
difference between the number of species present in the equilibrium mixture and the number of elements. 
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16-45 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 


Assumptions 1 The equilibrium composition consists of H2O, OH, O», and H3. 
2 The constituents of the mixture are ideal gases. 


Analysis The reaction equation during this process can be expressed as 
H,O — > *xH,0+yH,+z0,+wOH 

Mass balances for hydrogen and oxygen yield 

H balance: 2=2x+2y+w (1) 


O balance: l=x+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K, relations) to determine the equilibrium composition of the mixture. They are 


H06 H, +50, (reaction 1) 
H,0 & +H, +OH (reaction 2) 
The equilibrium constant for these two reactions at 3400 K are determined from Table A-28 to be 


InKp, =-1891 ——> Kp, = 0.15092 
InKp) =-1576 ——> Kp = 0.20680 


The K, relations for these two simultaneous reactions are 


NE? NE?” P (Vu, *¥0 —Yn0) Ng? NE P (ny tYon—Ynz0) 
PIT v ; N and Kp z a N 
H20 H20 
Nino total Nino total 


where Notai = Nm, + Nu, t+ No, + Now =x+ty+z+w 


Substituting, 


(yz)? 1 a 
0.15092 = | ) (3) 


x x+y+zt+w 


(wW)? 1 = 
0.20680 = ) (4) 


x x+y+z+w 
Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x= 0.574 y = 0.308 z=0.095 w = 0.236 
Therefore, the equilibrium composition becomes 


0.574H,0 + 0.308H, + 0.0950, + 0.2360H 
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16-46 Two chemical reactions are occurring in a mixture. The equilibrium composition at a specified temperature is to be 
determined. 


Assumptions 1 The equilibrium composition consists of CO}, CO, O», and O. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 


2CO,+O, — xCO,+yCO+z0,+wO CO., CO, O», O 
Mass balances for carbon and oxygen yield 2000 K 
C balance: 2=x+y (1) Fam 
O balance: 6=2x+y+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the Kp relations) to determine the equilibrium composition of the mixture. They are 


CO, & CO+ + O, (reaction 1) 


O, & 20 (reaction 2) 


The equilibrium constant for these two reactions at 2000 K are determined from Table A-28 to be 


In K p, = -6.635 —> K p =0.001314 
In K py =-14.622 —> K p = 4.464x 107" 


The Kp relations for these two simultaneous reactions are 


E Nee Ne? P (co Yo, —Yco2 ) 
N 


P1 


Ne total 
2 
Nee P Yo-Voo 
Kp = vo, e 
No 2 N total 
2 
where 
N otal = Noo, +No, +Neg t No =xt+ytz+w 
Substituting, 


0.001314 = VO 4 ) (3) 
x x+y+z+w 


4.464 x107 =” | 4 ) (4) 
z \x+y+z+w 


Solving Eqs. (1), (2), (3), and (4) simultaneously using an equation solver such as EES for the four unknowns x, y, z, and w 
yields 
x= 1.998 y = 0.002272 z= 1.001 w = 0.000579 


Thus the equilibrium composition is 


1.998CO, + 0.002272CO + 1.0010, + 0.0005790 
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16-47 Two chemical reactions are occurring at high-temperature air. The equilibrium composition at a specified temperature 
is to be determined. 


Assumptions 1 The equilibrium composition consists of O2, N2, O, and NO. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 


Heat 
O, +3.76N, EE i xN +yNO+zO0,+wOỌO 
Mass bal for nit d ield . O2, N2, O, NO 
ass balances for nitrogen and oxygen yie AIR Reaction 2, N2 
N balance: 7.52=2x+y (1) chamber, 2 atm 3000 K 
O balance: 2=yt+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K, relations) to determine the equilibrium composition of the mixture. They are 


+N, +40, <= NO (reaction 1) 
O, & 20 (reaction 2) 
The equilibrium constant for these two reactions at 3000 K are determined from Table A-28 to be 


InKp =-2114 —> Kp, =0.12075 
InKp) =-4357 —> Kp =0.01282 


The Kp relations for these two simultaneous reactions are 


N | P (no ZVN, YO ) 

N 
Yno yo | N. 

Ny, No, total 


Nvo P Yo-Voo 
Kp = o Z) 
N 


v 
o2 (N. total 
2 


Kp, = 


where Notai =Nn, +Nno +No, +No =x+y+z+w 


Substituting, 
5 1-0.5-0.5 
Y 

0.12075 = 3 

705295 (=) @) 

A 2-1 
0.01282 = | 5 ) (4) 
z \x+yt+z+w 


Solving Eqs. (1), (2), (3), and (4) simultaneously using EES for the four unknowns x, y, z, and w yields 
x = 3.656 y = 0.2086 z= 0.8162 w=0.1591 

Thus the equilibrium composition is 
3.656N , + 0.2086NO + 0.81620, + 0.15910 


The equilibrium constant of the reaction N, < 2N at 3000 K is InKp = -22.359, which is much smaller than the Kp values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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16-48E D Two chemical reactions are occurring in air. The equilibrium composition at a specified temperature is to be 
determined. 


Assumptions 1 The equilibrium composition consists of O2, N2, O, and NO. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 


Heat 


0,+3.76N, ——> xN, ,+yNO+z0,+wO 


Mass balances for nitrogen and oxygen yield AIR Bai O, Nə, O, NO 
eaction D 

N balance: 752=2x+y (1) chamber, 1 atm 5400 R 

O balance: 2=y+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the K, relations) to determine the equilibrium composition of the mixture. They are 


İN, +50, <> NO (reaction 1) 
O, =20 (reaction 2) 
The equilibrium constant for these two reactions at T= 5400 R = 3000 K are determined from Table A-28 to be 


InKp; =-2114 ——» Kp, = 0.12075 
InKp) =-4357 —> Kp = 0.01282 


The Kp relations for these two simultaneous reactions are 


Nyse P (VNo ZYN, Yo, ) 
Kp, = Vo; 


NY N N total 
Nv P Yo-Yo, 
Kp = 2 Con 
No” N total 
where = Niota = Nn, +Nno+No, +No =xtytz+w 
Substituting, 


1 1-0.5-0.5 
0.12075 = —~ ) (3) 


79579 | x+y+z+w 
2 2-1 
1 
0.01282 =” ) (4) 
z\x+ytz+w 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 3.658 y = 0.2048 z= 0.7868 w= 0.2216 

Thus the equilibrium composition is 
3.658N, + 0.2048NO + 0.78680 , + 0.22160 


The equilibrium constant of the reaction N, < 2N at 5400 R is InKp = -22.359, which is much smaller than the Kp values 
of the reactions considered. Therefore, it is reasonable to assume that no N will be present in the equilibrium mixture. 
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EES 
14-49E Problem 16-48E is reconsidered. Using EES (or other) software, the equilibrium solution is to be obtained by 
minimizing the Gibbs function by using the optimization capabilities built into EES. This solution technique is to be 
compared with that used in the previous problem. 


Analysis The problem is solved using EES, and the solution is given below. 


"This example illustrates how EES can be used to solve multi-reaction chemical equilibria 
problems by directly minimizing the Gibbs function. 


0.21 O2+0.79 N2 = a O2+b O + c N2 + d NO 


Two of the four coefficients, a, b, c, and d, are found by minimiming the Gibbs function at a total 
pressure of 1 atm and a temperature of 5400 R. The other two are found from mass balances. 


The equilibrium solution can be found by applying the Law of Mass Action to two 
simultaneous equilibrium reactions or by minimizing the Gibbs function. In this problem, the Gibbs function is 
directly minimized using the optimization capabilities built into EES. 


To run this program, select MinMax from the Calculate menu. There are four compounds present 
in the products subject to two elemental balances, so there are two degrees of freedom. Minimize 
Gibbs with respect to two molar quantities such as coefficients b and d. The equilibrium mole 
numbers of each specie will be determined and displayed in the Solution window. 


Minimizing the Gibbs function to find the equilibrium composition requires good initial guesses." 


"Data from Data Input Window" 
{T=5400 "R" 
P=1 "atm" } 


AO2=0.21; BN2=0.79 "Composition of air" 
AO2*2=a*2+b+d "Oxygen balance" 
BN2*2=c*2+d "Nitrogen balance" 


"The total moles at equilibrium are" 
N_tot=at+b+c+d 
y_O2=a/N_tot; y_O=b/N_tot; y_N2=c/N_tot; y NO=d/N_tot 


"The following equations provide the specific Gibbs function for three of the components." 
g_O2=Enthalpy(O2,T=T)-T*Entropy(O2,T=T,P=P*y_O2) 
g_N2=Enthalpy(N2,T=T)-T*Entropy(N2,T=T,P=P*y_N2) 
g_NO=Enthalpy(NO,T=T)-T*Entropy(NO, T=T,P=P*y_NO) 

"EES does not have a built-in property function for monatomic oxygen so we will use the JANAF 
procedure, found under Options/Function Info/External Procedures. The units for the JANAF 
procedure are kgmole, K, and kJ so we must convert h and s to English units." 
T_K=T*Convert(R,K) “Convert R to K" 

Call JANAF('0'",T_K:Cp’,h’,S>) "Units from JANAF are SI" 

S_O=S**Convert(kJ/kgmole-K, Btu/lbmole-R) 

h_O=h**Convert(kJ/kgmole, Btu/lbmole) 

"The entropy from JANAF is for one atmosphere so it must be corrected for partial pressure." 
g_O=h_O-T*(S_O-R_u*In(Y_O)) 

R_u=1.9858 "The universal gas constant in Btu/mole-R " 

"The extensive Gibbs function is the sum of the products of the specific Gibbs function and the 
molar amount of each substance." 

Gibbs=a*g_O2+b*g_O+c*g_N2+d*g_ NO 
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d b Gibbs Yo2 Yo Yno Yn2 T 
[lbmol] [Ilbmol] [Btu/lbmol] [R] 
0.002698 | 0.00001424 -162121 0.2086 0.0000 0.0027 0.7886 3000 
0.004616 | 0.00006354 -178354 0.2077 0.0001 0.0046 0.7877 3267 
0.007239 | 0.0002268 -194782 0.2062 0.0002 0.0072 0.7863 3533 
0.01063 0.000677 -211395 0.2043 0.0007 0.0106 0.7844 3800 
0.01481 0.001748 -228188 0.2015 0.0017 0.0148 0.7819 4067 
0.01972 0.004009 -245157 0.1977 0.0040 0.0197 0.7786 4333 
0.02527 0.008321 -262306 0.1924 0.0083 0.0252 0.7741 4600 
0.03132 0.01596 -279641 0.1849 0.0158 0.0311 0.7682 4867 
0.03751 0.02807 -297179 0.1748 0.0277 0.0370 0.7606 5133 
0.04361 0.04641 -314941 0.1613 0.0454 0.0426 0.7508 5400 

0.050 
O 
z 0.040 J 
f 
© J 
O 
= 0.030 J 
—_ 
(e) 
fom 4 
Q 
© 0.020 4 
© 
= J 
2 
O J 
s 0.010 


3500 


4000 


T [R] 


4500 


5000 


16-45 


Discussion The equilibrium composition in the above table are based on the reaction in which the reactants are 0.21 kmol 


O, and 0.79 kmol N>. If you multiply the equilibrium composition mole numbers above with 4.76, you will obtain 


equilibrium composition for the reaction in which the reactants are 1 kmol O, and 3.76 kmol N>.This is the case in problem 


16-43E. 
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16-50 Water vapor is heated during a steady-flow process. The rate of heat supply for a specified exit temperature is to be 
determined for two cases. 


Assumptions 1 The equilibrium composition consists of H2O, OH, O,, and H3. 2 The constituents of the mixture are ideal 
gases. 


Analysis (a) Assuming some H,O dissociates into H2, O2, and Q 
O, the dissociation equation can be written as 


H,O — > xH,O+yH,+z0,+wOH HO, Hp, O», 
l HO OH 
Mass balances for hydrogen and oxygen yield 
298 K 2400 K 
H balance: 2=2x+2y+w (1) 
O balance: l=x+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the Kp relations) to determine the equilibrium composition of the mixture. They are 


H06 H, +50, (reaction 1) 
H,0 & +H, +OH (reaction 2) 
The equilibrium constant for these two reactions at 2400 K are determined from Table A-28 to be 


In K p =-5.619 —> K p, = 0.003628 
In K py =-5.832 —> K p, = 0.002932 


The Kp relations for these three simultaneous reactions are 


Ni N“ (Vu, +%0 Yno) 
K,- B O P 
Pl N2 N 
H,O total 
VH? ArYon (Vu, Hoy —Yn»0) 
x y Ny, Now P H2 Yon VH20 
ER N2 N 
H,O total 
where 
N sotal =Ni,o0 +Ny, +No, +Noy =xXt+y+z+w 
Substituting, 


DOM 1 = 
0.003628 = ¥ (3) 
x x+y+z+w 


yl? 1 a 
0.002932 = WAY (4) 
x x+y+zt+w 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 0.960 y = 0.03204 z= 0.01205 w = 0.01588 
Thus the balanced equation for the dissociation reaction is 


H,O ——> 0.960H,0 + 0.03204H, + 0.012050, + 0.015880H 


The heat transfer for this dissociation process is determined from the steady-flow energy balance Ein — Eout = AE system With 
W=0, 


Qin =D Noli; +h-5°) -Y Neli; +i- ) 
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Assuming the O, and O to be ideal gases, we have A = A(T). From the tables, 


hy haog K hyoo0 K 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
H,O -241,820 9904 103,508 
H, 0 8468 75,383 
O; 0 8682 83,174 
OH 39,460 9188 77,015 

Substituting, 


Qin =0.960(—241,820 + 103,508 — 9904) 
+ 0.03204(0 + 75,383 — 8468) 
+ 0.01205(0 + 83,174 — 8682) 
+ 0.01588(39,460 + 77,015 — 9188) — (-241,820) 
= 103,380 kJ/kmol H,O 


The mass flow rate of H2O can be expressed in terms of the mole numbers as 


m 0.6 kg/min 
M 18kg/kmol 


= 0.03333 kmol/min 


Thus, 


Qin = N x Qn = (0.03333 kmol/min)(103,380 kJ/kmol) = 3446 kJ/min 


16-47 


(b) If no dissociates takes place, then the process involves no chemical reactions and the heat transfer can be determined 


from the steady-flow energy balance for nonreacting systems to be 


Qin = thy — h) = N(hy - hy) 
= (0.03333 kmol/min)(103,508 — 9904) kJ/kmol 
= 3120 kJ/min 
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> 
16-51 Problem 16-50 is reconsidered. The effect of the final temperature on the rate of heat supplied for the two 
cases is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 

T1=298 [K] 
"T2=2400 [K]" 

P=1 [atm] 
m_dot=0.6 [kg/min] 
TO=298 [K] 


"The equilibrium constant for these two reactions at 2400 K are determined from Table A-28" 
K_p1=exp(-5.619) 
K_p2=exp(-5.832) 


"Properties" 
MM_H20=molarmass(H20) 


"Analysis" 
"(a) 
"Actual reaction: H2O = N_H2O0 H20 + N_H2 H2 + N_0O2 O2 + N_OH OH" 

2=2*N_H20+2*N_H2+N_OH "H balance" 

1=N_H20+2*N_O2+N_OH "O balance" 

N_total=N H20+N_H2+N_02+N OH 

"Stoichiometric reaction 1: H20 = H2 + 1/2 O2" 

"Stoichiometric coefficients for reaction 1" 

nu_H2O_1=1 

nu_H2_1=1 

nu_O2_1=1/2 

"Stoichiometric reaction 2: H20 = 1/2 H2 + OH" 

"Stoichiometric coefficients for reaction 2" 

nu_H2O_2=1 

nu_H2_2=1/2 

nu_OH_2=1 

"K_p relations are" 
K_p1=(N_H2“nu_H2_1*N_O24nu_O2_1)/N_H20“nu_H20_1*(P/N_total)*(nu_H2_1+nu_O2_1-nu_H20_1) 
K_p2=(N_H2“nu_H2_2*N_OH“nu_OH_2)/N_H2O0“nu_H20_2*(P/N_total)*(nu_H2_2+nu_OH_2-nu_H2O_ 2) 


“Enthalpy of formation data from Table A-26" 
h_f_OH=39460 

"Enthalpies of products" 

h_H2O0_R=enthalpy(H20, T=T1) 
h_H2O0_P=enthalpy(H20, T=T2) 

h_H2=enthalpy(H2, T=T2) 

h_O2=enthalpy(O2, T=T2) 

h_OH=98763 "at T2 from the ideal gas tables in the text" 
"Standard state enthalpies" 

h_o_OH=9188 "at TO from the ideal gas tables in the text" 


"Heat transfer" 
H_P=N_H20*h_H20_P+N_H2*h_H2+N_O2*h_O2+N_OH*(h_f_OH+h_OH-h_o_OH) 
H_R=N_H20_R*h_H20_R 

N_H20_R=1 

Q in a=H P-HR 

Q_dot_in_a=(m_dot/MM_H20)*Q _in_a 

"(b)" 

Q_in_b=N_H20_R*(h_H20_P-h_H20_R) 

Q dot _in_b=(m_dot/MM_H20)*Q in_b 
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Tprod [K] Qin Dissoc Qin,NoDissoc 

[kJ/min] | [kJ/min] 
2500 3660 3295 
2600 3839 3475 
2700 4019 3657 
2800 4200 3840 
2900 4382 4024 
3000 4566 4210 
3100 4750 4396 
3200 4935 4583 
3300 5121 4771 
3400 5307 4959 
3500 5494 5148 


5200 


4800 


4400 


issociation 
4000 


Qin [kJ/min] 


2900 3100 


T2 [K] 


3300 
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a> 
16-52 Ethyl alcohol C)H;OH (gas) is burned in a steady-flow adiabatic combustion chamber with 40 percent excess 
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 


Analysis The complete combustion reaction in this case can be written as 
C,H,OH (gas) + (1+ Ex)ay, [0 +3.76N , |» 2CO,, +3 H,0+ (Ex)(ay,) O07 +f N, 
where a, is the stoichiometric coefficient for air. The oxygen balance gives 
1+(1+ Ex)ay, x2=2x2+3x1+(Ex)(ay,)x2 
The reaction equation with products in equilibrium is 
C,H,OH (gas) + (1+ Ex)ay,[0, +3.76N, |——> a CO, +bCO +d H,O0+e0,+ fN,+gNO 


The coefficients are determined from the mass balances 


Carbon balance: 2=a+b 

Hydrogen balance: 6 = 2d —> d =3 

Oxygen balance: 1+ (1+ Ex)ay x2=ax2+b+d+ex2+g 
Nitrogen balance: (1+ Ex)ay, x3.76x2= fx2+g 


Solving the above equations, we find the coefficients to be 
Ex = 0.4, a, =3, a= 1.995, b=0.004712, d=3, e=1.17, f= 15.76, g = 0.06428 
Then, we write the balanced reaction equation as 
C,H,OH (gas) + 4.2[0, + 3.76N, | 
— 1.995 CO, + 0.004712 CO +3H,O0+1.170, +15.76N, + 0.06428 NO 
Total moles of products at equilibrium are 
N o = 1.995 +0.004712 +3 +1.17 +15.76 = 21.99 


The first assumed equilibrium reaction is 


CO, «—> CO +0.50, 
The Ķ, value of a reaction at a specified temperature can be determined from the Gibbs function data using 


—AG, * (Ty, 
Ka -exf 1 ( =) 


R, T, prod 


Where AG, * (Troa ) = Vco CO (Tprod ) + Vo2802 (T proa ) — ¥c02 F602 (proa ) 
and the Gibbs functions are defined as 
Zo (Troa) = (h- T proas) CO 
Zo (Toroa) = (h = T roa 5) 02 
Zco2 (Tiroa) = (h - Troas) CO2 


The equilibrium constant is also given by 


al P ) e 1 


0.5 
) = 0.0005447 
Nio 1.995 21.99 


a 
The second assumed equilibrium reaction is 
0.5N, +0.50, <—>NO 


Also, for this reaction, we have 
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ZNo (Troa) = (h —Tyeoa) NO 
Eno (Toroa ) = (h —Tyo45) no 
Z00 (Troa ) = (h -T rod) 02 


AG, * (Trod) = VNo Eyo (Tproa) — VN2ZN2 (T prod) — Y02802 (Tproa) 


—AG, * (Ty, 
Ka -exf 2 ( =) 


R, T, prod 


pare 1 )° 0.06428 
Kp = £ = -( =; zz = 0.01497 
Neo 295 £95 (21.99) 1.17)°5(15.76)° 


A steady flow energy balance gives 
Hp =Hp 
where 


H + 4.2horarsec +15.79hxp@r5°C 


r=hy fuel@25°C 
= (-235,310 kJ/kmol) + 4.2(0) +15.79(0) = -235,310 kJ/kmol 


H p =1.995heor@7,,4 + 9.00471 2A CO@Ting +3 H20@T yoy +11 ThO2@ Igy +15-TOhN aT a 


Solving the energy balance equation using EES, we obtain the adiabatic flame temperature 
Troa = 1901 K 


The copy of entire EES solution including parametric studies is given next: 


"The reactant temperature is:" 

T_reac= 25+273 "[K]" 

"For adiabatic combustion of 1 kmol of fuel: " 

Q_out = 0 "[kJ]" 

PercentEx = 40 "Percent excess air" 

Ex = PercentEx/100 "EX = % Excess air/100" 

P_prod =101.3"[kPa]" 

R_u=8.314 "[kJ/kmol-k]" 

"The complete combustion reaction equation for excess air is:" 
"C2H5OH(gas)+ (1+Ex)*A_th (O2 +3.76N2)=2 CO2 + 3 H20 + Ex*A_th O2 + f N2" 
"Oxygen Balance for complete combustion:" 

1 + (1+Ex)*A_th*2=2*24+3*1 + Ex*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 


"C2H50H(gas)+ (1+Ex)*A_th (02 +3.76N2)=a CO2 + b CO+ d H20 + e O2 + f N2 + g NO" 


"Carbon Balance:" 

2=a +b 

"Hydrogen Balance:" 

6=2*d 

"Oxygen Balance:" 

1 + (1+Ex)*A_th*2=a*2+b + d + e*2 +g 

"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 *2= f*2 +g 

N_tot =a +b + d + e + f +g "Total kilomoles of products at equilibrium" 

"The first assumed equilibrium reaction is CO2=CO+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 

each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 


+0.06428hxo@r,,, 
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"The standard-state Gibbs function is" 

DELTAG_1 =1*g_CO+0.5*g_O2-1*g_CO2 

"The equilibrium constant is given by Eq. 15-14." 

K_P_1 = exp(-DELTAG_1 /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_P_1 = (P/N_tot)*(1+0.5-1)*(b*1*e*0.5)/(a*1)" 

sqrt(P/N_tot) *b *sqrt(e) =K_P_1*a 

"The econd assumed equilibrium reaction is 0.5N2+0.502=NO" 
g_NO=Enthalpy(NO,T=T_prod )-T_prod *Entropy(NO,T=T_prod ,P=101.3) 
g_N2=Enthalpy(N2,T=T_prod )-T_prod *Entropy(N2,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG_2 =1*g_NO-0.5*g_O2-0.5*g_N2 

"The equilibrium constant is given by Eq. 15-14." 

K_P_2 = exp(-DELTAG_2 /(R_u*T_prod )) 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P_2 = (P/N_tot)*(1-0.5-0.5)*(g*1)/(e*0.5*f*0.5)" 

g=K_P_2 *sqrt(e*f) 

"The steady-flow energy balance is:" 

H_R = Q_out+H_P 

h_bar_f_ C2H5OHgas=-235310 "[kJ/kmol]" 

H_R=1*(h_bar_f_C2H5QOHgas ) 
+(1+Ex)*A_th*ENTHALPY(O2,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod)+e*ENTHAL 
PY(O2,T=T_prod)+f*ENTHALPY(N2,T=T_prod)+g*ENTHALPY(NO, T=T_prod) "[kJ/kmol]" 


ath a b d e f g PercentEX |  Tprod 
[%] [K] 
3 1.922 0.07779 3 0.3081 | 12.38 | 0.0616 10 2184 
3 1.971 0.0293 3 0.5798 | 13.5 | 0.06965 20 2085 
3 1.988 0.01151 3 0.8713 | 14.63 | 0.06899 30 1989 
3 1.995 0.004708 3 1.17 15.76 | 0.06426 40 1901 
3 1.998 0.001993 3 1.472 16.89 | 0.05791 50 1820 
3 1.999 | 0.0008688 3 1.775 | 18.02 | 0.05118 60 1747 
3 2 0.0003884 3 2.078 | 19.15 | 0.04467 70 1682 
3 2 0.0001774 3 2.381 20.28 | 0.03867 80 1621 
3 2 0.00008262 3 2.683 | 21.42 | 0.0333 90 1566 
3 2 0.00003914 3 2.986 | 22.55 | 0.02856 100 1516 


Tprod (K) 


10 20 30 40 50 60 70 80 90 100 
PercentEx 
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Variations of K, with Temperature 


16-53C It enables us to determine the enthalpy of reaction h, pR from a knowledge of equilibrium constant Kp. 


16-54C At 2000 K since combustion processes are exothermic, and exothermic reactions are more complete at lower 
temperatures. 


16-55 The A, 'R Value for the dissociation process O, & 20 at a specified temperature is to be determined using enthalpy and 
Kp data. 
Assumptions Both the reactants and products are ideal gases. 
Analysis (a) The dissociation equation of O, can be expressed as 
O, © 20 


The h, 'R of the dissociation process of O; at 3100 K is the amount of energy absorbed or released as one kmol of O2 
dissociates in a steady-flow combustion chamber at a temperature of 3100 K, and can be determined from 


hr => elt; +h-h’), -Zvl +h-h’), 


Assuming the O, and O to be ideal gases, we have A = h (T). From the tables, 


hy Nook Noo00k 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
O 249,190 6852 65,520 
O2 0 8682 110,784 

Substituting, 
hp = 2(249,190 + 65,520 — 6852) — 1(0 + 110,784 — 8682) 
= 513,614 kJ/kmol 


(b) The h, p Value at 3100 K can be estimated by using Kp values at 3000 K and 3200 K (the closest two temperatures to 
3100 K for which Kp data are available) from Table A-28, 


z = = 
In—? ga Hud or InKp, InKp, 22 Eee 
Kp RII Th RUI D 


h, 
3.072 -( a9) ee | 
8.314kJ/kmol-K (3000K 3200K 


hp = 512,808 kJ/kmol 
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16-56 The h, r at a specified temperature is to be determined using the enthalpy and Kp data. 
Assumptions Both the reactants and products are ideal gases. 
Analysis (a) The complete combustion equation of CO can be expressed as 

CO+ 7 O, © CO, 


The h, R of the combustion process of CO at 2200 K is the amount of energy released as one kmol of CO is burned in a 
steady-flow combustion chamber at a temperature of 2200 K, and can be determined from 


ig =D Noli 7-5), -Z Nali; +h -7"), 


Assuming the CO, O, and CO, to be ideal gases, we have h = A(T). From the tables, 


hy fog K h20 K 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
CO, -393,520 9364 112,939 
CO -110,530 8669 72,688 
O2 0 8682 75,484 
Substituting, 


hp = \(-393,520 + 112,939 — 9364) 
— 1(-110,530 + 72,688 — 8669) 
-— 0.5(0 + 75,484 — 8682) 
= -276,835 kJ / kmol 


(b) The h, g Value at 2200 K can be estimated by using Kp values at 2000 K and 2400 K (the closest two temperatures to 
2200 K for which Kp data are available) from Table A-28, 


x = = 
piat Zo or inks; Saks d eons 
K RL Ts RGL T, 


h 
3.860 — 6.635 = R : l 
8.314kJ/kmol-K ( 2000K 2400K 


hp = -276,856 kJ/kmol 
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16-57E The h, g at a specified temperature is to be determined using the enthalpy and Kp data. 
Assumptions Both the reactants and products are ideal gases. 
Analysis (a) The complete combustion equation of CO can be expressed as 

CO+ 7 0, C0; 


The h, R of the combustion process of CO at 3960 R is the amount of energy released as one kmol of H; is burned in a steady- 


flow combustion chamber at a temperature of 3960 R, and can be determined from 
hp => Nph; +h-h),-> Nerli; +h-h’), 


Assuming the CO, O, and CO; to be ideal gases, we have h = A (T). From the tables, 


hy hs37 R h 3960 R 
Substance 
Btu/lbmol Btu/lbmol Btu/lbmol 
CO, -169,300 4027.5 48,647 
CO -47,540 3725.1 31,256.5 
O2 0 3725.1 32,440.5 
Substituting, 


hp = \(-169,300 + 48,647 — 4027.5) 
— 1(-47,540 + 31,256.5 — 3725.1) 
— 0.5(0 + 32,440.5 — 3725.1) 
= —119,030 Btu / lbmol 


(b) The h, g Value at 3960 R can be estimated by using Kp values at 3600 R and 4320 R (the closest two temperatures to 3960 
R for which Kp data are available) from Table A-28, 


7 = = 
po a Uae or inks; Sak, 2 ees 
K RIL D R,\T, 7, 


h 
3.860 — 6.635 = R l i 
1.986 Btu/lbmol-R (3600R 4320R 


hp = -119,041 Btu/lbmol 
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16-58 The Kp value of the combustion process H, + 1/20, <> H,O is to be determined at a specified temperature using h; R 
data and Kp value . 


Assumptions Both the reactants and products are ideal gases. 


Analysis The hp and Kp data are related to each other by 


Kp. h h, 
n= z2 Bsd or NnKp,-InKp, 2 Bos 
Ka RUI Th R D 


The h, ROf the specified reaction at 3000 K is the amount of energy released as one kmol of H; is burned in a steady-flow 
combustion chamber at a temperature of 3000 K, and can be determined from 


hr => volt; +h-h’), -Zvl +h-h’), 


Assuming the H,O, H; and O; to be ideal gases, we have h = A (T). From the tables, 


hy Nook hyog0x 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
H,O -241,820 9904 136,264 
H: 0 8468 97,211 
O, 0 8682 106,780 


Substituting, 
hp =\(-241,820 + 136,264 — 9904) 
—1(0 + 97,211 — 8468) 
— 0.5(0 + 106,780 — 8682) 
= ~253,250 kJ/kmol 


The Kp value at 3200 K can be estimated from the equation above by using this h, R value and the Kp value at 2800 K which 
is In Kp, = 3.812 or Kp = 45.24, 


— 253,250 kJ/kmol 1 1 
8.314kJ/kmol-K \ 2800K 3200K 


In(K py / 45.24) = 


InK py =2.452 (Table A - 28 :InK p3 = 2.451) 


or 


K p> =11.6 
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16-59 The hp value for the dissociation process CO, <> CO + 1/20, at a specified temperature is to be determined using 
enthalpy and K, data. 
Assumptions Both the reactants and products are ideal gases. 


Analysis (a) The dissociation equation of CO, can be expressed as 
CO, & CO+ 7 O, 


The h, R of the dissociation process of CO, at 2200 K is the amount of energy absorbed or released as one kmol of CO 
dissociates in a steady-flow combustion chamber at a temperature of 2200 K, and can be determined from 


ig = No ltj +h -i),- Nali 2-7"), 


Assuming the CO, O, and CO; to be ideal gases, we have h = A (T). From the tables, 


hy Nook Nyo90K 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
CO, -393,520 9364 112,939 
CO -110,530 8669 72,688 
O2 0 8682 75,484 


Substituting, 


hp =\(-110,530 + 72,688 — 8669) 
+ 0.5(0 + 75,484 — 8682) 
— 1(-393,520 + 112,939 — 9364) 
= 276,835 kJ / kmol 


(b) The h, g Value at 2200 K can be estimated by using Kp values at 2000 K and 2400 K (the closest two temperatures to 
2200 K for which Kp data are available) from Table A-28, 


y = = 
miest t] or InKp, -InKp, -ie(2-2| 


h, 
3.860 — (6.635) = Z : : 
8.314kI/kmol-K (2000K 2400K 


hp = 276,856 kJ/kmol 
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16-60 The enthalpy of reaction for the equilibrium reaction CH4 + 202 = CO2 + 2H20 at 2000 K is to be estimated using 
enthalpy data and equilibrium constant, K, data. 


Analysis The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
— p AGT) R,T = 
Ke or Ink, =-AG*(T)/R,T 
where 


AG* (T) =Vco28 C02 (T) + V0 8 120 (T) — Vena cua (1) —V 0202 (T) 
At T, = 2000 - 10 = 1990 K: 
AG, *(T)= Vco28co2 (7) + Vio 120 Gs VonaScua ()- Vo2Zo2 (T) 
=1(-917,176) + 2(-695,638) — 1(-559,718) — 2(-475,399) 
= —797,938 kJ/kmol 


At T, = 2000 + 10 = 2010 K: 
AG, *(T)= Vco28c02 (Ty) + Vip08 120 (T,) - VowaS cna (Ty) = Vo2B02 (T3) 
= 1(—923,358) + 2(—700,929) — 1(—565,835) — 2(—480,77 1) 
= —797,839 kJ/kmol 


The Gibbs functions are obtained from enthalpy and entropy properties using EES. Substituting, 


— 797,938 kJ/kmol 
K p =exp 
(8.314 kJ/kmol - K)(1990 K) 


) =8.820 x10” 


— 797,839 kJ/kmol 
K p2 exp 
(8.314 kJ/kmol - K)(2010 K) 


) =5.426 x10” 
The enthalpy of reaction is determined by using the integrated van't Hoff equation: 
ME -tefi -) 
Ky R, Tı T, 


: 20 h _ 
fae is ( : l ) > ig = -807,752 kJ/kmol 
8.820x102? | 8.314kJ/kmol.K | 1990K 2010K 


The enthalpy of reaction can also be determined from an energy balance to be 
hr =Hp-Ħpr 
where 
He =lhcu@ z0x + 2402 @2000K = 48,947 + 2(59,193) =167,333 kJ/kmol 
H p =\cor@2000K + 2/20 @2000K = (302,094) + 2(-169,162) = -640,419 kJ/kmol 
The enthalpies are obtained from EES. Substituting, 
hp = Hp — Hp = (640,419) — (167,333) = -807,752 kJ/kmol 


which is identical to the value obtained using K, data. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-59 


Phase Equilibrium 


16-61C No. Because the specific gibbs function of each phase will not be affected by this process; i.e., we will still have 
&f T Eg 


16-62C Yes. Because the number of independent variables for a two-phase (PH=2), two-component (C=2) mixture is, 
from the phase rule, 


IV=C-PH+2=2-2+2=2 


Therefore, two properties can be changed independently for this mixture. In other words, we can hold the temperature 
constant and vary the pressure and still be in the two-phase region. Notice that if we had a single component (C=1) two 
phase system, we would have IV=1, which means that fixing one independent property automatically fixes all the other 
properties. 


11-63C Using solubility data of a solid in a specified liquid, the mass fraction w of the solid A in the liquid at the interface 
at a specified temperature can be determined from 


m . 
mf , — solid 
M solid + Miquid 


where Msoia is the maximum amount of solid dissolved in the liquid of mass Miiquia at the specified temperature. 


11-64C The molar concentration C; of the gas species 7 in the solid at the interface Ci, solid side (0) is proportional to the partial 
pressure of the species i in the gas Pi, gas side(0) on the gas side of the interface, and is determined from 


Ci, solid side (0) =Sx F; gas side (0) (kmol/m*) 


where S is the solubility of the gas in that solid at the specified temperature. 


11-65C Using Henry’s constant data for a gas dissolved in a liquid, the mole fraction of the gas dissolved in the liquid at the 
interface at a specified temperature can be determined from Henry’s law expressed as 


P, gas side (0) 


Yi, liquid side (0) = H 


where H is Henry’s constant and P; gas side(0) is the partial pressure of the gas 7 at the gas side of the interface. This relation 
is applicable for dilute solutions (gases that are weakly soluble in liquids). 
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16-66E The maximum partial pressure of the water evaporated into the air as it emerges from a porous media is to be 
determined. 


Assumptions The air and water-air solution behave as ideal solutions so that Raoult’s law may be used. 
Analysis The saturation temperature of water at 70°F is 


Paramnr = 0-36334 psia 


Si 
Since the mole fraction of the air in the liquid water is essentially zero, 


P =1x Pa@7r = 0-36334 psia 


v,max 


16-67 The number of independent properties needed to fix the state of a mixture of oxygen and nitrogen in the gas phase is 
to be determined. 


Analysis In this case the number of components is C = 2 and the number of phases is PH = 1. Then the number of 
independent variables is determined from the phase rule to be 


IV=C-PH+2=2-1+2=3 


Therefore, three independent properties need to be specified to fix the state. They can be temperature, the pressure, and the 
mole fraction of one of the gases. 


16-68 It is to be shown that a saturated liquid-vapor mixture of refrigerant-134a at -20°C satisfies the criterion for phase 
equilibrium. 


Analysis Using the definition of Gibbs function and enthalpy and entropy data from Table A-11, 
gs =h; —Ts ¢ =(25.49 kJ/kg) — (253.15 K)(0.10463 kJ/kg : K) = -0.9967 kJ/kg 
Zg =h, — TS = (238.41 kJ/kg) — (253.15 K)(0.94564 kJ/kg - K) = -0.9842 kJ/kg 


which are sufficiently close. Therefore, the criterion for phase equilibrium is satisfied. 


16-69 It is to be shown that a mixture of saturated liquid water and saturated water vapor at 300 kPa satisfies the criterion 
for phase equilibrium. 


Analysis The saturation temperature at 300 kPa is 406.7 K. Using the definition of Gibbs function and enthalpy and entropy 
data from Table A-5, 


gp =h; -Ts ; = (561.43 kJ/kg) - (406.7 K)(1.6717 kJ/kg: K) = -118.5 kJ/kg 
Zg =h, -Ts , = (2724.9 kJ/kg) — (406.7 K)(6.9917 kJ/kg K) = -118.6 kJ/kg 


which are practically same. Therefore, the criterion for phase equilibrium is satisfied. 
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16-70 The values of the Gibbs function for saturated refrigerant-134a at 280 kPa are to be calculated. 


Analysis The saturation temperature of R-134a at 280 kPa is —1.25°C (Table A-12). Obtaining other properties from Table 
A-12, the Gibbs function for the liquid phase is, 


gp =h; —Ts p = 50.18 kJ/kg — (-1.25 + 273.15 K)(0.19829 kJ/kg - K) = -3.74 kJIkg 


For the vapor phase, 


Za =h, —Ts, = 249.72 kJ/kg — (-1.25 + 273.15 K)(0.93210 kJ/kg - K) = -3.72 kJ/kg 


The results agree and demonstrate that phase equilibrium exists. 


16-71E The values of the Gibbs function for saturated steam at 300°F as a saturated liquid, saturated vapor, and a mixture 
of liquid and vapor are to be calculated. 


Analysis Obtaining properties from Table A-4E, the Gibbs function for the liquid phase is, 


gy =h, -Ts ¢ = 269.73 Btu/lbm — (759.67 R)(0.43720 Btu/Ibm- R) = -62.40 Btullbm 


Steam 
For the vapor phase, 300°F 


Zg =h —Ts, =1180.0 Btu/lbm — (759.67 R)(1.6354 Btu/lbm - R) = -62.36 Btullbm 


For the saturated mixture with a quality of 60%, 
h=h; +xhy = 269.73 Btu/lbm + (0.60)(910.24 Btu/Ibm) = 815.87 Btu/Ibm 
S=5- +XS p = 0.43720 Btu/lbm -R + (0.60)(1.19818 Btu/Ibm- R) = 1.1561 Btu/lbm-R 
g =h-Ts =815.87 Btu/lbm — (759.67 R)(1.1561 Btu/lbm - R) = -62.38 Btu/Ibm 


The results agree and demonstrate that phase equilibrium exists. 


16-72 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The pressure of 
ammonia is to be determined for two compositions of the liquid phase. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Analysis According to Raoults’s law, when the mole fraction of the 
ammonia liquid is 20%, 


Pars = Y p.nn3Psa.nna(T) = 0.20(615.3 kPa) = 123.1kPa 


When the mole fraction of the ammonia liquid is 80%, 


Pus = Y ¢nu3Peat.nu3 (T) = 0.80(615.3 kPa) = 492.2 kPa 
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16-73 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture, the composition of each phase at a 
specified temperature and pressure is to be determined. 


Analysis From the equilibrium diagram (Fig. 16-21) we read 
Liquid: 65%N, and 35%O, 


Vapor: 90%N, and 10%O, 


16-74 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is 
to be determined for a specified composition of the vapor phase. 


Analysis From the equilibrium diagram (Fig. 16-21) we read T= 82K. 


16-75 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the temperature is 
to be determined for a specified composition of the nitrogen. 


Properties The molar masses of O- is 32 kg/kmol and that of N: is 28 kg/kmol (Table A-1). 
Analysis For 100 kg of liquid phase, the mole numbers are 

Mfo 40kg 
Mo, 32kg/kmol 


Mfn2 — 60kg 
Myn?  28kg/kmol 
N f total = 1.25 + 2.143 = 3.393 kmol 


Nyo2 = 1.25 kmol 


Nf = 2.143 kmol 


The mole fractions in the liquid phase are 


Nyoo _ 1.25kmol 
N pot 3-393 kmol 


| New _ 2.143 kmol 
N f tota 3-393 kmol 


ay = 0.3684 


J f,N2 = 0.6316 


From the equilibrium diagram (Fig. 16-21) we read T= 80.5 K. 
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16-76 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the mass of the 
oxygen in the liquid and gaseous phases is to be determined for a specified composition of the mixture. 


Properties The molar masses of O, is 32 kg/kmol and that of N; is 28 kg/kmol (Table A-1). 


Analysis From the equilibrium diagram (Fig. 16-21) at T = 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 


Y f,02 = 0.70 and Y 2,02 = 0.34 


The mole numbers are 


Nop =— 30kg _ _ 0.9375 kmol 
Mo 32kg/kmol 
Nya N Wke 1.400 nl 


My 28kg/kmol 
N otai = 0.9375 + 1.429 = 2.366 kmol 


The total number of moles in this system is 
Nr +N, =2.366 (1) 
The total number of moles of oxygen in this system is 


0.7N , +0.34N, = 0.9375 (2) 


Solving equations (1) and (2) simultneously, we obtain 
N , = 0.3696 
N, =1.996 


Then, the mass of oxygen in the liquid and vapor phases is 


mM; o2 = Yf oN pM o = (0.7)(0.3696 kmol)(32 kg/kmol) = 8.28 kg 
m, o2 = Yg,02NgM op = (0.34)(1.996 kmol)(32 kg/kmol) = 21.72 kg 
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16-77 Using the liquid-vapor equilibrium diagram of an oxygen-nitrogen mixture at a specified pressure, the total mass of 
the liquid phase is to be determined. 


Properties The molar masses of O, is 32 kg/kmol and that of N; is 28 kg/kmol (Table A-1). 


Analysis From the equilibrium diagram (Fig. 16-21) at T= 84 K, the oxygen mole fraction in the vapor phase is 34% and 
that in the liquid phase is 70%. That is, 


Y £02 = 0.70 and Y 2,02 = 0.34 


Also, 


Vpn2 =9.30 and yy ny = 0.66 


The mole numbers are 


Ney ae ORs — 9375 anol 
Mo: 32kg/kmol 
Neg =e OES kol 


~My  28kg/kmol 
Notai = 0.9375 + 1.429 = 2.366 kmol 
The total number of moles in this system is 


N; +N, =2.366 (1) 


The total number of moles of oxygen in this system is 


0.7N ; +0.34N, =0.9375 (2) 


Solving equations (1) and (2) simultneously, we obtain 


N ; = 0.3696 
N, =1.996 


The total mass of liquid in the mixture is then 


Mf total =M r,02 + ¢,02 
= Vp o2oN ¢Moo + Ve noN ¢Mno 
= (0.7)(0.3696 kmol)(32 kg/kmol) + (0.3)(0.3696 kmol)(28 kg/kmol) 
= 11.38 kg 
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16-65 
16-78 A rubber wall separates O and N; gases. The molar concentrations of O, and N; in the wall are to be determined. 
Assumptions The O, and N, gases are in phase equilibrium with the rubber wall. 


Properties The molar mass of oxygen and nitrogen are 32.0 and 28.0 kg/kmol, respectively (Table A-1). The solubility of 
oxygen and nitrogen in rubber at 298 K are 0.00312 and 0.00156 kmol/m*-bar, respectively (Table 16-3). 


Analysis Noting that 300 kPa = 3 bar, the molar densities of oxygen 
and nitrogen in the rubber wall are determined to be Rubber 


lat 
Co, , Solid side (0) =Sx Po, , gas side re 
= (0.00312 kmol/m? bar)(3 bar) 
O 
= 0.00936 kmol/m? ya = N? 
25°C 
Cy, , solid side (0) =Sx Py, , gas side 300 kPa Cr2 300 kPa 


= (0.00156 kmol/m? .bar)(3 bar) 
= 0.00468 kmol/m? 
That is, there will be 0.00936 kmol of O, and 0.00468 kmol of N, gas in each m? volume of the rubber wall. 


16-79 A liquid-vapor mixture of ammonia and water in equilibrium at a specified temperature is considered. The 
composition of the vapor phase is given. The composition of the liquid phase is to be determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 50°C, Pano =12.352kPa and Panny, = 2033.5 kPa. 
Analysis We have y, 4,9 =1% and y, ny, =99% . For an ideal two-phase mixture we have 
Y g,H,0 m ¥¢n,0F sat, ,0 (T) 


Yg, NH, Em z Y f NH, Psat, NH, (T) 


Yf ao + Ysea, =1 


Solving for Y f H,O, 


(0.01)(2033.5 kPa) 
(0.99)(12.352 kPa) 


Y g,H,0 Psat, NH; 


Y f,H,0 = a Yf mo) = a Yf n,o) 


Y g,NH; Peat, 50 
It yields 
Y f Ho = 0.624 and Y ¢,NH;, = 0.376 
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16-66 


16-80 A mixture of water and ammonia is considered. The mole fractions of the ammonia in the liquid and vapor phases are 
to be determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 25°C, Pamo = 3-1698 kPa and Pang = 1003.5 kPa (Tables A-4). 


Analysis According to Raoults’s law, the partial pressures of 
ammonia and water in the vapor phase are given by 


N pnw3 


P, NB3 = Y ¢.NH3/¢at,NH3 = (1003.5 kPa) 
pea pee E: H,O + NH; 


100 kPa, 25°C 


N fmo 


P, mo = Y f mobsamo = (3.1698 kPa) 


N fmo +Nf mo 


N fmo 


The sum of these two partial pressures must equal the total pressure of the vapor mixture. In terms of x = , this sum 
f NHB 
is 
1003.5 f 3.1698x 
x+1 x+1 


= 100 


Solving this expression for x gives 
x = 9.331 kmol H20/kmol NH3 
In the vapor phase, the partial pressure of the ammonia vapor is 


_ 1003.5 _ 1003.5 
x+1 9.331+1 


= 97.13 kPa 


P3 Nu3 


The mole fraction of ammonia in the vapor phase is then 


P, Nus _ 97.13 kPa 


= = 0.9713 
Vems p 100 kPa 
According to Raoult’s law, 
ee Panu _ 97.13kPa _ anaes 


Pot. NHB 1003.5 kPa 
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16-67 


16-81 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 0°C, Py = 9.6112 kPa and at 46°C, Poa oo = 10.10 kPa (Table A-4). The saturation pressures of 


ammonia at the same temperatures are given to be 430.6 kPa and 1830.2 kPa, respectively. 


Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 


P, NB3 = Y f NH3 Psat, NH3 


P, mo = Y f m20 Psat m20 =(1- Y f, NB3 )Peat,H20 
Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 


Y f,NH3 Pyat,NH3 


Y g,NH3 > 
Y f NH3 Psat NH3 + d- Y f NHB sat,H20 ) 


430.6y ; 
62 Y f NHB >y eym = 0.03294 
430.67 p ny3 + 0.6112(1- y pes) l 


Then, 


P= Y f nus Psaynns + (lY ¢ nns )Poat, B20 
= (0.03294)(430.6) + (1 — 0.03294)(0.6112) = 14.78 kPa 


Performing the similar calculations for the regenerator, 


7 1830.27 f Np3 
1830.27 snp +10.10(1—y s N3) 


P = (0.1170)(1830.2) + (1 -0.1170)(10.10) = 223.1kPa 


0.96 > Y pnn3 = 0.1170 
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16-68 


16-82 An ammonia-water absorption refrigeration unit is considered. The operating pressures in the generator and absorber, 
and the mole fractions of the ammonia in the strong liquid mixture being pumped from the absorber and the weak liquid 
solution being drained from the generator are to be determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 


Properties At 6°C, Prato = 9.9353 kPa and at 40°C, Prato = 7.3851 kPa (Table A-4 or EES). The saturation pressures 


of ammonia at the same temperatures are given to be 534.8 kPa and 1556.7 kPa, respectively. 


Analysis According to Raoults’s law, the partial pressures of ammonia and water are given by 


P, NB3 = Y f NH3 Psat, NH3 


P, mo = Y f m20 Psat m20 =(1- Y f, NB3 )PeatH20 
Using Dalton’s partial pressure model for ideal gas mixtures, the mole fraction of the ammonia in the vapor mixture is 


Y f NH3 sat, NHB 


Y g, NH3 = 
Y f NB3 Psa ne +C- Y finus Psatno ) 


534.8y ; 
96 = Psim >Y -nm = 0.04028 


534.8y s ni3 + 0.935301 —y pwns) 


Then, 


P= Y f Nus Peann +1- Y f Nu Poat, H20 
= (0.04028)(534.8) + (1 — 0.04028)(0.9353) = 22.44 kPa 


Performing the similar calculations for the regenerator, 


E 1556.77 f nu3 
1556.7y f nps +7.3851(1- y fnn) 


0.96 > pnn3 = 0.1022 


P =(0.1022)(1556.7) + (1—0.1022)(7.3851) = 165.7 kPa 
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16-83 A liquid mixture of water and R-134a is considered. The mole fraction of the water and R-134a vapor are to be 
determined. 


Assumptions The mixture is ideal and thus Raoult’s law is applicable. 
Properties At 20°C, Pamo = 2.3392 kPa and Piar = 572.07 kPa (Tables A-4, A-11). The molar masses of water and R- 
134a are 18.015 and 102.03 kg/kmol, respectively (Table A-1). 


Analysis The mole fraction of the water in the liquid mixture is 


N fmo _ mf ¢ mo / M mo 
N total (mf + mo /M y9) + (mf - /Mg) 
B 0.9/18.015 
(0.9/18.015) +(0.1/102.03) 


Y f H20 = 


H20 + R-134a 


20°C 


= 0.9808 


According to Raoults’s law, the partial pressures of R-134a and water in the vapor mixture are 


P, R = Y fr Pr = (1-0.9808)(572.07 kPa) = 10.98 kPa 
P, 1mo = Y fmo Parmo = (0.9808)(2.3392 kPa) = 2.294 kPa 


The total pressure of the vapor mixture is then 


Protal = Poe +P. mo = 10.98 + 2.294 = 13.274 kPa 


Based on Dalton’s partial pressure model for ideal gases, the mole fractions in the vapor phase are 


P 
pee gH20 _ 2.294 kPa -0.1728 
i Prota 13.274 kPa 


Por _ 10.98 kPa 
Poal 13.274 kPa 


Y g,R gi 


= 0.8272 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-70 


16-84 A glass of water is left in a room. The mole fraction of the water vapor in the air and the mole fraction of air in the 


water are to be determined when the water and the air are in thermal and phase equilibrium. 


Assumptions 1 Both the air and water vapor are ideal gases. 2 Air is saturated since the humidity is 100 percent. 3 Air is 


weakly soluble in water and thus Henry’s law is applicable. 


Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for air dissolved in water at 
27°C (300 K) is given in Table 16-2 to be H = 74,000 bar. Molar masses of dry air and water are 29 and 18 kg/kmol, 


respectively (Table A-1). 


Analysis (a) Noting that air is saturated, the partial pressure of water vapor in the air will simply be the saturation pressure 


of water at 27°C, 
P = Pa@27c =3.568 kPa (Table A-4) 


vapor 


Assuming both the air and vapor to be ideal gases, the mole fraction of 
water vapor in the air is determined to be 


Papot 3.568 kPa 
Tapo P 92 kPa 


= 0.0388 


(b) Noting that the total pressure is 92 kPa, the partial pressure of dry air is 
Piry air = P — Prapor = 92 — 3.568 = 88.43 kPa = 0.8843 bar 


vapor 
From Henry’s law, the mole fraction of air in the water is determined to be 


Fdiyaiteas side _ 0.8843 bar 
Y dry air,liquidside H 74,000 bar 


=1.20 x10 


Discussion The amount of air dissolved in water is very small, as expected. 
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16-85 A carbonated drink in a bottle is considered. Assuming the gas space above the liquid consists of a saturated mixture 
of CO, and water vapor and treating the drink as a water, determine the mole fraction of the water vapor in the CO, gas and 
the mass of dissolved CO) in a 300 ml drink are to be determined when the water and the CO, gas are in thermal and phase 
equilibrium. 


Assumptions 1 The liquid drink can be treated as water. 2 Both the CO, and the water vapor are ideal gases. 3 The CO, gas 
and water vapor in the bottle from a saturated mixture. 4 The CO) is weakly soluble in water and thus Henry’s law is 
applicable. 


Properties The saturation pressure of water at 27°C is 3.568 kPa (Table A-4). Henry’s constant for CO, dissolved in water 
at 27°C (300 K) is given in Table 16-2 to be H = 1710 bar. Molar masses of CO, and water are 44 and 18 kg/kmol, 
respectively (Table A-1). 

Analysis (a) Noting that the CO, gas in the bottle is saturated, the partial pressure of water vapor in the air will simply be 
the saturation pressure of water at 27°C, 


P, 


vapor = {sat @ 27°C = 3.568 kPa (more accurate EES value compared to interpolation value from Table A-4) 


Assuming both CO, and vapor to be ideal gases, the mole fraction of water vapor in the CO, gas becomes 


= apoi 7” 3.568 kPa 


= 0.0274 
LoT 130 kPa 


(b) Noting that the total pressure is 130 kPa, the partial pressure of CO; is 
Poo, gas = P —Pryapor = 130—3.568 = 126.4 kPa = 1.264 bar 


vapor 
From Henry’s law, the mole fraction of CO; in the drink is determined to be 


Foo, „gas side _ 1.264 bar 


= _ -4 
YCOy, liquid side H 1710bar 7.39 x10 


Then the mole fraction of water in the drink becomes 
4 
Y water, liquid side = l= YCOy, liquid side = 1-739 x 10 = 0.9993 
The mass and mole fractions of a mixture are related to each other by 


ONM, _ M, 
a NM, “M 


m 


m 


where the apparent molar mass of the drink (liquid water - CO, mixture) is 
M,, = YM, = Viiquid water water + ¥co, Mco, = 0.9993 x 18.0 + (7.39 x 10+) x 44 =18.02 kg / kmol 
Then the mass fraction of dissolved CO, gas in liquid water becomes 


M co, 


= 739x104 4 = 0.00180 


mfco,,liquidside = VCO, liquidside (0) 18.02 


Therefore, the mass of dissolved CO; in a 300 ml = 300 g drink is 
mco, = mfco, m,, = (0.00180)(300 g) = 0.54 g 
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Review Problems 


16-86 The equilibrium constant of the dissociation process O2 < 20 is given in Table A-28 at different temperatures. The 
value at a given temperature is to be verified using Gibbs function data. 


Analysis The Kp value of a reaction at a specified temperature can be determined from the Gibbs function data using 


_ ,-AGHT)/R,T ak 
K, =e or Ink, =-AG*(T)/R,T 


where 
= x O, © 20 
AG*(T) =Vo8o(1)—-Vo, So, (T) 5 
2 = 2000 K 
=Vo(h-Ts)o —Vo, (A -TS)o, 
= volh, + Ao00 z has) -Ts]o -Vo, O; + Ao00 a Agog) -Ts]o, 
= 2 x (249,190 + 42,564 — 6852 — 2000 x 201.135) 
—1x(0+ 67,881 — 8682 — 2000x 268.655) 
= 243,375 kJ/kmol 
Substituting, 
In K „ =—(243,375 kJ/kmol)/[(8.314 kJ/kmol- K)(2000 K)] = -14.636 
or 


K, =4.4x107 (Table A-28: In Kp = -14.622) 


16-87 A mixture of H, and Ar is heated is heated until 10% of H; is dissociated. The final temperature of mixture is to be 
determined. 


Assumptions 1 The constituents of the mixture are ideal gases. 2 Ar in the mixture remains an inert gas. 
Analysis The stoichiometric and actual reactions can be written as 


Stoichiometric: H, > 2H (thus vy, =1 and vy =2) 


Actual: H, + Ar —> 0.2H + 0.90H, + Ar H, © 2H 
prod react. inert Ar 


The equilibrium constant Kp can be determined from latm 


N“H Vu -Viy 2 2-1 

kK, =- -22 ! ) =0.02116 
NV Noona 0.9 (0.9+0.2+1 

2 


and 


Ink, =-3.855 


From Table A-28, the temperature corresponding to this Kp value is T = 2974 K. 
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16-88 The equilibrium constant for the reaction CH, + 20, <> CO, + 2H,0 at 100 kPa and 2000 K is to be determined. 
Assumptions 1 The constituents of the mixture are ideal gases. 


Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 


CH, = C+2H, Kp=e°® 

C+0, CO, Keee 
CH,+20, 2 
When these two reactions are summed and the common carbon term CO,+2H,0 


cancelled, the result is 


3000 K 
690 kPa 


CH, +0, = CO, +2H, Kp = e(15869-9.685) Sg 


Next, we include the water dissociation reaction (Table A-28), 
2H, +0, &2H,0 Kp =e73086) — e617 


which when summed with the previous reaction and the common hydrogen term is cancelled yields 


CH, +20, @ CO, +2H,0 Kp = eS 1846172 _ 012.356 


Then, 
In Kp = 12.356 
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16-89 A mixture of H,O, O», and N; is heated to a high temperature at a constant pressure. The equilibrium composition is 
to be determined. 


Assumptions 1 The equilibrium composition consists of H20, O2, N, and H3. 2 The constituents of the mixture are ideal 
gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: H,O <H, +40, (thus vy9 =l, Vy, =1 and vo, =4) 


Actual: H,0+20, +5N, —> xH,0+ yH, +z0,+5N, 
react. products inert 

H balance: 2=2x+2y —> y=l-x 

O balance: 5=x+2z >Z=2.5-0.5x 


Total number of moles: Nota = Xt Y+74+5 =8.5-0.5x 


The equilibrium constant relation can be expressed as 


Ny Na” P (Vu Yo, Yno) y 705 P 1+0.5-1 
Rz 2 2 _ 
P v 
N oy N total X N total 
2 


From Table A-28, InKp = -6.768 at 2200 K. Thus Kp = 0.00115. Substituting, 


(1—x)(1.5-0.5x)°> 5 Ve 
x 8.5-—0.5x 


0.00115 = 


Solving for x, 
x = 0.9981 
Then, 
y=1-x=0.0019 
z= 2.5 - 0.5x = 2.00095 
Therefore, the equilibrium composition of the mixture at 2200 K and 5 atm is 


0.9981H ,O + 0.0019H , + 2.000950 , +5N, 


The equilibrium constant for the reaction H,O <> OH ++H, is InKp = -7.148, which is very close to the Kp value of the 


reaction considered. Therefore, it is not realistic to assume that no OH will be present in equilibrium mixture. 
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16-90 @® Methane gas is burned with stoichiometric amount of air during a combustion process. The equilibrium 
composition and the exit temperature are to be determined. 
Assumptions 1 The product gases consist of CO2, H20, CO, N>, and O. 2 The constituents of the mixture are ideal gases. 
3 This is an adiabatic and steady-flow combustion process. 
Analysis (a) The combustion equation of CH, with stoichiometric amount of O, can be written as 
CH, +2(0,+3.76N,) ——> xCO,+(1—x)CO+(0.5-0.5x)O,+2H,0+7.52N, 
After combustion, there will be no CH, present in the combustion chamber, and HO will act like an inert gas. The 
equilibrium equation among CO», CO, and O, can be expressed as 
CO, > CO +50, (thus vco, = 1, Vco = 1, and Yo, = 1) 


Nese Noe P (Vco +¥03 —Yco2) CH, 
and p= Z = f CO 
Nea | Nota 25°C | Combustion co 
cO, ; 2 
2 chamber HO 
where Net =x+(1-x)+(1.5-0.5x)+2+ 7.52 = 12.02- 0.5x ô O 
a Air; 1 atm 
Substituting, N2 
(1—x)(0.5 —0.5x)"5 1 ail pe 
K,= 
x 12.02 —0.5x 


The value of Kp depends on temperature of the products, which is yet to be determined. A second relation to determine Kp 
and x is obtained from the steady-flow energy balance expressed as 


o= Np(iz+h-h’), -Y Nehi; +h-h"), — 0-5 Noli; +h-0°), -Y Nahe, 


since the combustion is adiabatic and the reactants enter the combustion chamber at 25°C. Assuming the air and the 
combustion products to be ideal gases, we have h = A (T). From the tables, 


Substance hy, kJ/kmol hog x > KJ/kmol 
CHA) -74,850 = 

N2 0 8669 

O, 0 8682 

H,0(g) -241,820 9904 

CO -110,530 8669 

CO, -393,520 9364 

Substituting, 


0 = x(-393,520+ hco, — 9364) + (1—x)(-110,530 + hco — 8669) 
+ 2(-241,820 + hyo — 9904) + (0.5-— 0.5x)(0 + ho, — 8682) 
+ 7.52(0 + hy, — 8669) — 1(-74,850 + hy9g — haog) — 0-0 
which yields 
xhco, +(1- x)hco + 2hy,o + (05-0.5x)ho, + 752hy, - 279,344x = 617,329 


Now we have two equations with two unknowns, Tp and x. The solution is obtained by trial and error by assuming a 
temperature Tp, calculating the equilibrium composition from the first equation, and then checking to see if the second 
equation is satisfied. A first guess is obtained by assuming there is no CO in the products, i.e., x = 1. It yields Tp = 2328 K. 
The adiabatic combustion temperature with incomplete combustion will be less. 


Take T, =2300K —> Ink, =-449 > x=0.870 — > RAĦS = 641,093 


Take T, =2250K —+> Ink,=-4805 —> x=0893 ——>  RHS=612,755 
By interpolation, T, =2258K and x =0.889 


Thus the composition of the equilibrium mixture is 
0.889CO, +0.111C0O + 0.05550, + 2H,O0+7.52N, 
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> 
16-91 Problem 16-90 is reconsidered. The effect of excess air on the equilibrium composition and the exit 
temperature by varying the percent excess air from 0 to 200 percent is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


"Often, for nonlinear problems such as this one, good gusses are required to start the solution. First, run the 
program with zero percent excess air to determine the net heat transfer as a function of T_prod. Just press F3 or 
click on the Solve Table icon. From Plot Window 1, where Q_net is plotted vs T_prod, determnine the value of 
T_prod for Q_net=0 by holding down the Shift key and move the cross hairs by moving the mouse. Q_net is 
approximately zero at T_prod = 2269 K. From Plot Window 2 at T_prod = 2269 K, a, b, and c are approximately 
0.89, 0.10, and 0.056, respectively." "For EES to calculate a, b, c, and T_prod directly for the adiabatic case, 
remove the '{ }' in the last line of this window to set Q_net = 0.0. Then from the Options menu select Variable 
Info and set the Guess Values of a, b, c, and T_prod to the guess values selected from the Plot Windows. Then 
press F2 or click on the Calculator icon." 


"Input Data" 

{PercentEx = 0} 

Ex = PercentEX/100 

P_prod =101.3 [kPa] 

R_u=8.314 [kJ/kmol-K] 

T_fuel=298 [K] 

T_air=298 [K] 

"The combustion equation of CH4 with stoichiometric amount of air is 

CH4 + (1+Ex)(2)(O2 + 3.76N2)=CO2 +2H20+(1+Ex)(2)(3.76)N2" 

"For the incomplete combustion process in this problem, the combustion equation is 
CH4 + (1+Ex)(2)(O2 + 3.76N2)=aCO2 +bCO + cCO2+2H20+(1+Ex)(2)(3.76)N2" 
"Specie balance equations" 

i 

4=a *2+b +c *2+2 

i t 

1=a +b 

N_tot =a +b +c +2+(1+Ex)*(2)*3.76 "Total kilomoles of products at equilibrium" 
"We assume the equilibrium reaction is 

CO2=CO0+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 

each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 

"The standard-state Gibbs function is" 

DELTAG =1*g_CO+0.5*g_O2-1*g_CO2 

"The equilibrium constant is given by Eq. 16-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 16-15." 

"K_ P = (P/N_tot)*(1+0.5-1)*(b*1*c*0.5)/(a"1)" 

sqrt(P/N_tot )*b *sqrt(c )=K_P *a 

"Conservation of energy for the reaction, assuming SSSF, neglecting work , ke, and pe:" 
E_in-E_ out =DELTAE cv 

E_in = Q_net + HR 

"The enthalpy of the reactant gases is" 

HR=enthalpy(CH4,T=T_fuel)+ (1+Ex)*(2) *enthalpy(O2,T=T_air)+(1+Ex)*(2)*3.76 *enthalpy(N2,T=T_air) 
E_out = HP 

"The enthalpy of the product gases is" 

HP=a *enthalpy(CO2,T=T_prod )+b *enthalpy(CO,T=T_prod ) +2*enthalpy(H20,T=T_prod 
)+(1+Ex)*(2)*3.76*enthalpy(N2,T=T_prod ) + c *enthalpy(O2,T=T_prod ) 
DELTAE_cv=0 "Steady-flow requirement" 

Q_net=0 "For an adiabatic reaction the net heat added is zero." 
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PercentEx T prod 
[K] 

0 2260 
20 2091 
40 1940 
60 1809 
80 1695 
100 1597 
120 1511 
140 1437 
160 1370 
180 1312 
200 1259 


Coefficients: a, b, c 


Tprod [K] 


40 80 120 160 200 
Percent Excess Air [%] 


Coefficients for CO2, CO, and O2 VS Tprod 


-0.10 
1200 


1400 


2000 
Tprod, K 


2400 2600 


16-77 
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16-78 
16-92 The equilibrium partial pressure of the carbon dioxide for the reaction CH4 + 20, < CO, + 2H,0 at 700 kPa and 
3000 K is to be determined. 


Assumptions 1 The equilibrium composition consists of CH4, O2, CO2, and H20. 2 The constituents of the mixture are ideal 
gases. 


Analysis This is a simultaneous reaction. We can begin with the dissociation of methane and carbon dioxide, 


CH, @C+2H, Kp =e 
C+0, C0, Kp = e580 
When these two reactions are summed and the common carbon term CH4+202 <> 
cancelled, the result is CO z+2H,0 
CH, +0, © CO, +2H, Kp = e(15:869-9.685) _ 96.184 3000 K 


700 kPa 


Next, we include the water dissociation reaction, 


2H, +0, &2H,0O UK ese aie 


which when summed with the previous reaction and the common hydrogen term is cancelled yields 


CH, +20, ©CO,+2H,0 Kp — 96:184+6.172 _ 512.356 
Then, 
In K p =12.356 
Actual reeaction: CH, +20, ——>xCH, + yO, +zCO,+mH,O 
react. products 
C balance: l=x+z —> z=l1-x 
H balance: 4 = 4x + 2m —> m =2 -2x 
O balance: 4=2y+2z+m——> y=2x 


Total number of moles: New =x+ty+z+m=3 


The equilibrium constant relation can be expressed as 


ms. Con NEO P jos 
Nets NO? Niou 
Substituting, 
012356 _ = 2e)/ moostonsas) 
x(2x)? 3 
Solving for x, 
x = 0.01601 
Then, 
y = 2x = 0.03202 


z=1-x=0.98399 
m= 2 — 2x = 1.96798 

Therefore, the equilibrium composition of the mixture at 3000 K and 700 kPa is 
0.01601 CH, + 0.03202 O, + 0.98399 CO, +1.96798 H,O 

The mole fraction of carbon dioxide is 


Yco2. = ma = 0.3280 


and the partial pressure of the carbon dioxide in the product mixture is 
Poo = Voo.P = (0.3280)(700 kPa) = 230 kPa 
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16-79 


16-93 Methane is heated from a specified state to another state. The amount of heat required is to be determined without and 
with dissociation cases. 


Properties The molar mass and gas constant of methane are 16.043 kg/kmol and 0.5182 kJ/kg-K (Table A-1). 
Assumptions 1 The equilibrium composition consists of O, and O. 2 The constituents of the mixture are ideal gases. 
Analysis (a) An energy balance for the process gives 


eae oe = AE 


system 
Net energy transfer Change in internal, kinetic, 
by heat, work, and mass potential, etc. energies CH, 
Qin = Nu, -0 ) OAS 
= Nii -7 -R,T -7)] ro 


Using the empirical coefficients of Table A-2c, 
f b d 
= c 
hy -h = | cpdT = aT, ~1,) +> (02-1?) +2 (73-1) + T) 
1 


0.05024 1.269x1075 


=19.89(1000 — 298) + ; (10007 — 2987) + (10007 — 2987) 


-~11.01x10~ 
+ 


(10004 — 2984) 
= 38,239 kJ/kmol 


Substituting, 
Qp = (10 kmol)[3 8,239 kJ/kmol — (8.314 kJ/kmol- K)(1000 — 298)K | = 324,000 kJ 


(b) The stoichiometric and actual reactions in this case are 


Stoichiometric: CH, © C+2H, (thus Voq4 =1, Vc =1 and Vy = 2) 
= eee 
react. products 
C balance: l=x+y—> y=l-x 
H balance: 4= 4x 4+ 2z — z=2-2x 


Total number of moles: Neta =X + yt+z2=3-2x 
The equilibrium constant relation can be expressed as 


Ne Nye P ) +Vi Vong 


Vi 
NEGY Miotal 


K, 


From the problem statement, at 1000 K, In K y= —2.328 . Then, 


Kp =e **8 =0.09749 


Substituting, 


0.09749 = 


(1—x)(2—2x)? 1 o 
x 3-2x 


Solving for x, 


x = 0.6414 
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16-80 


Then, 
y=1-x=0.3586 
z=2-2x=0.7172 


Therefore, the equilibrium composition of the mixture at 1000 K and 1 atm is 


0.6414 CH, +0.3586 C +0.7172 H, 


The mole fractions are 
N 
Yema = CH4 _ 0.6414 _ 0.6414 savas 
Nota 9-6414+0.3586+0.7172 1.7172 
Ae 0380 ig 
Nota 1.7172 


N : 
jee E 
Noa 1.7172 


Yo= 


The heat transfer can be determined from 


Qin = N(Ycu4Cv cua T2 + Yp2Cv, m2 T2 + VcCv,cl2)— Nev cual 
= (10)[(0.3735)(63.3)(1000) + (0.4177)(21.7)(1000) + (0.2088)(0.71 1)(000)|- (10)(27.8)(298) 


= 245,700 kJ 
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16-81 


16-94 Solid carbon is burned with a stoichiometric amount of air. The number of moles of CO, formed per mole of carbon 
is to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O,, and N3. 2 The constituents of the mixture are ideal 
gases. 


Analysis Inspection of Table A-28 reveals that the dissociation equilibrium constants 
of CO,, O», and N; are quite small and therefore may be neglected. (We learned from 
another source that the equilibrium constant for CO is also small). The combustion is 
then complete and the reaction is described by 25°C 


Carbon + Air 


C+(O, +3.76N,)—> CO, +3.76N, 
The number of moles of CO, in the products is then 


Nco2 -1 
Nc 


16-95 Solid carbon is burned with a stoichiometric amount of air. The amount of heat released per kilogram of carbon is to 
be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O2, and N2. 2 The constituents of the mixture are ideal 
gases. 


Analysis Inspection of Table A-28 reveals that the dissociation equilibrium 
constants of CO, Ox, and N; are quite small and therefore may be neglected. Carbon + Air 
(We learned from another source that the equilibrium constant for CO is also 
small). The combustion is then complete and the reaction is described by 25°C 


C+(O, +3.76N,) > CO, +3.76N, 


The heat transfer for this combustion process is determined from the energy balance Ein — E out =AE system applied on the 


combustion chamber with W= 0. It reduces to 
-Om => Nplap+h-h°) -Y Ny (tj +h-h°), 


Assuming the air and the combustion products to be ideal gases, we have A = A(T). From the tables, 


h? hogex hoax 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
N> 0 8669 38,129 
CO; -393,520 9364 56,108 
Substituting, 
- Oo = ()(— 393,520 + 56,108 — 9364) + (3.76)(0 + 38,129 — 8669) 
=~236,000 kJ/kmol C 
kJ/kmol 
or Oyu, = 730,000 Kimo! _ 19,670 kJ/kg C 
12 kg/kmol 
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16-96 Methane gas is burned with 30 percent excess air. The equilibrium composition of the products of combustion and the 
amount of heat released by this combustion are to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, H2O, O2, NO, and N>. 2 The constituents of the mixture are 
ideal gases. 


Analysis Inspection of the equilibrium constants of the possible reactions indicate that only the formation of NO need to be 
considered in addition to other complete combustion products. Then, the stoichiometric and actual reactions in this case are 


Stoichiometric: N,+0O,<@2NO (thus vw =1, Vo. =1, and Vyg = 2) 


Actual: CH, +2.6(0, +3.76N,)—> CO, +2H,0+xNO+ yO, +2zN, 
N balance: 2x9.776 =x+2z >z=9.776—0.5x Oout 
O balance: 5.2 =2+2+x+2y——> y = 0.6-0.5x cH 
4 
Total number of moles: Not =1+2+x+y+z=13.38 
25°C CO, H:O 
The equilibrium constant relation can be expressed as NO, O», N2 
NYNO | P \" Yna o2) 30% excess air 1000 K 
K NO 
PNR NCS Nion aG 


From Table A-28, at 1600 K, In K „ = -5.294 Since the stoichiometric reaction being considered is double this reaction, 


K , = exp(-2 x 5.294) = 2.522x10° 


Substituting, 


2-1-1 
2.522x107> = x” : 
(0.6 —0.5x)(9.766 —0.5x) | 13.38 


Solving for x, 
x =0.0121 
Then, 
y = 0.6 — 0.5x = 0.594 
zZ=9.776 —0.5x = 9.77 
Therefore, the equilibrium composition of the products mixture at 1600 K and 1 atm is 


CH, +2.6(0, +3.76N,)—>CO,, +2H,0+0.0121NO + 0.5940, +9.77N, 


The heat transfer for this combustion process is determined from the energy balance Ein —E,,, = AE. applied on the 


system 


combustion chamber with W = 0. It reduces to 
-Ou = >, Nph; +h-h°), -X Neli +h-k') 


Assuming the air and the combustion products to be ideal gases, we have h = A(T). From the tables, 


h; hyogx hieo0K 
BHDSIENKE kJ/kmol kJ/kmol kJ/kmol 
CH, -74,850 m m 
O 0 8682 52,961 
N; 0 8669 50,571 
H,O -241,820 9904 62,748 
CO; 393,520 9364 76,944 


Neglecting the effect of NO in the energy balance and substituting, 
=Q u" (- 393,520 + 76,944 — 9364)+ (2)(—241,820 + 62,748 — 9904) + 0.594(52,961 — 8682) 
+ (9.77)(50,57 1 — 8669) — (—74,850) 
= —193,500 kJ/kmol CH , 
or Qot =193,500 kJ/kmol CH, 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


16-83 


16-97E Gaseous octane gas is burned with 40% excess air. The equilibrium composition of the products of combustion is to 
be determined. 


Assumptions 1 The equilibrium composition consists of CO2, H2O, O2, NO, and N3. 2 The constituents of the mixture are 
ideal gases. 


Analysis The stoichiometric and actual reactions in this case are 


Stoichiometric: N,+0O,<2NO (thus Vay =1, Voz =1, and Vyo = 2) 


Actual: CgHyg +1.4x12.5(0, +3.76N,)——> 8CO, +9H,0+xNO+ yO, +zN, 
N balance: 131.6=x+2z >z=65.8-0.5x 
O balance: 35 =164+9+x+2y— > y =5-0.5x 
CgHis 
Total number of moles: Nota =8+9+x+y+z= 87.8 COs, H,O 
The equilibrium constant relation can be expressed as NO, Op, N2 
ee eee 40% excess air 3600 R 
7 NS P ) NO~YN2—Vo2 
K =— No. 
P NYS NEE |N otal 


From Table A-28, at 2000 K (3600 R), Ink, = -3.931 . Since the stoichiometric reaction being considered is double this 


reaction, 
-4 
K „ =exp(-2 x 3.931) = 3.851x10 


Substituting, 


2 2-1-1 
3.851x10~4 = x (son) 


(5—0.5x)(65.8 —0.5x) 87.8 
Solving for x, 
x = 0.3492 
Then, 
y=5-0.5x = 4.825 
z = 65.8 — 0.5x = 65.63 


Therefore, the equilibrium composition of the products mixture at 2000 K and 4 MPa is 


CgHi, +17.5(0, +3.76N,)—>8CO, + 9H,O + 0.3492NO + 4.8250, +65.63N, 
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16-98 Propane gas is burned with 20% excess air. The equilibrium composition of the products of combustion on a mass 
basis and the amount of heat released by this combustion are to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, H2O, O2, NO, and N>. 2 The constituents of the mixture are 
ideal gases. 


Analysis (a) The stoichiometric and actual reactions in this case are 


Stoichiometric: N,+0O, <2NO (thus Vay =1, Voz =1, and Vyo = 2) 


N balance: 45.12 =x+2z >z = 22.56 — 0.5x On 
O balance: 12=6+4+x+2y—>y=1-0.5x 
C3Hg 
Total number of moles: Nota =3+4+x+ y+ z= 30.56 25°C Products 
The equilibrium constant relation can be expressed as 2000 K 
20% excess air 
NYO P (VNo—Yn2-Vo2) 
K,= a 25°C 
Nye NGS WN total 


From Table A-28, at 2000 K, In K „ = —3.931. Since the stoichiometric reaction being considered is double this reaction, 


-4 
K „ = exp(—2 x 3.931) = 3.851x10 


Substituting, 


2-1-1 
3.851x10™ = x” : 
(1 —0.5x)(22.56 — 0.5x) | 30.56 


Solving for x, 
x = 0.09097 
Then, 
y=1-0.5x = 0.9545 
z = 22.56 — 0.5x = 22.51 


Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is 
C3H, +6(0, +3.76N,)—>3CO, + 4H,0 + 0.09097NO + 0.95450, + 22.51N, 


The mass of each product and the total mass of the products is 
Mco2 = NcozM coz = (3 kmol)(44 kg/kmol) = 132 kg 
Mmo = NmoM mo = (4 kmol)(18 kg/kmol) = 72 kg 
Myo = NyoM xo = (0.09097 kmol)(30 kg/kmol) = 2.73 kg 
Moo = NozM o2 = (0.9545 kmol)(32 kg/kmol) = 30.54 kg 
My2 = NyoMyp = (22.51 kmol)(28 kg/kmol) = 630.28 kg 
Miotal = 132 + 72 + 2.73 + 30.54 + 630.28 = 867.55 kg 


The mass fractions of the products are 
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mfoop = moor = 132k8_ _ 9.1502 
out 867.55 kg 

mf yoo = 2o = 758 _ _ 0.0830 
Minar 867.55 kg 

mfyo = 2 -27kg _ 9.0034 
Moal 867.55 kg 

mfo = Z2 = 30.54kg _ 9 9352 
Mina 867.55kg 

mf, -n2 630.288 _ 9 7965 
Mort 867.55 kg 


(b) The heat transfer for this combustion process is determined from the energy balance E,,, —E,,, = AE 


the combustion chamber with W = 0. It reduces to 


-Omi =Y Npliz +8 -h°), -Y Nahe +h -F°), 


Assuming the air and the combustion products to be ideal gases, we have h = h(T). From the tables, 


Substance 


C3Hg 
O2 
N2 
H20 
CO, 


hy 
kJ/kmol 
-103,850 
0 

0 
-241,820 
-393,520 


Agog 


kJ/kmol 
8682 
8669 
9904 
9364 


hy 600k 


kJ/kmol 
67,881 
64,810 
82,593 
100,804 


Neglecting the effect of NO in the energy balance and substituting, 


— Qu = (3)(— 393,520 + 100,804 — 9364) + (4)(—241,820 + 82,593 — 9904) + 0.9545(67,881 — 8682) 
+ (22.51)(64,810 — 8669) — (-103,850) 
= -158,675 kJ/kmol C,H; 


_ 158,675 kJ/kmol 


or Qout 


44 kg/kmol 


= 3606 kJ/kg CH, 


system 


16-85 


applied on 
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16-86 


16-99 Propane gas is burned with stoichiometric air in an adiabatic manner. The temperature of the products and the 
equilibrium composition of the products are to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, H2O, O2, NO, and N>. 2 The constituents of the mixture are 
ideal gases. 


Analysis (a) The stoichiometric and actual reactions in this case are 


Stoichiometric: N,+0O, <@2NO (thus vy) =1, Voz =1, and Vyno = 2) 


N balance: 41.36=x+2z >z = 20.68 — 0.5x 
O balance: 11=6+4+x+2y——> y=0.5-0.5x C3He 
Combustion 
Total number of moles: Neta =3 + 442X447 = 21.18 25°C 4| 0 eee Products 
‘ota Chamber 
The equilibrium constant relation can be expressed as Air 1 atm Tp 


— 
10% excess air 


v: (Vno —Yn2 Yo02) 
Ny NGS Nota 


We assume that the products will be at 2000 K. Then from Table A-28, at 2000 K, In K, = —3.931. Since the stoichiometric 


reaction being considered is double this reaction, 


-4 
K „ = exp(-2 x 3.931) = 3.851x10 


Substituting, 


2-1-1 
3.851x104 = x i ) 
(0.5 — 0.5x)(20.68 — 0.5x) | 21.18 


Solving for x, 
x= 0.0611 

Then, 
y = 0.5 — 0.5x = 0.4695 
z = 20.68 — 0.5x = 20.65 


Therefore, the equilibrium composition of the products mixture at 2000 K and 1 atm is 


CH, + 6(O, +3.76N,) >3CO, + 4H,O + 0.0611NO + 0.46950, + 20.65N, 


(b) From the tables, 
Substance h; , kJ/kmol oogx » KJ/kmol 
CH; (2) -103,850 = 
O2 0 8682 
N2 0 8669 
H20 (2) -241,820 9904 
CO, -393,520 9364 
Thus, 


(3)(~393,520 + hieos — 9364)+ (4)(- 241,820 + Mo — 9904) + (0.061 1)(39,460 + hoy — 9188) 
+ (0.4695)(0 + hoy — 8682) + (20.65)(0 + yy — 8669) = (1)(— 103,850) +0 +0 
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16-87 
It yields 


3hcoz + Alyr9 + 0.061 hoy + 0.4695h 9, + 20.6574 = 2,292,940 kJ 


The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right- 
hand side of the equation by the total number of moles, which yields 2,292,940/(3+4+0.0611+0.4695+20.65) = 81,366 
kJ/kmol. This enthalpy value corresponds to about 2450 K for N2. Noting that the majority of the moles are N2, Tp will be 
close to 2450 K, but somewhat under it because of the higher specific heat of H,O. 


At 2200 K: 


3hcoz + 4hyzo + 0.061 lhoy + 0.4695h6) + 20.65hy2 = 3(112,939) + 4(92,940) + 0.061 1(69,932) 
+ 0.4695(75,484) + 20.65(64,810) = 2,088,620 kJ (Lower than 2,292,940) 


At 2400 K: 


3hcoz + 4h20 + 0.061 lhoy + 0.4695ho7 + 20.65hy2 = 3(125,152) + 4(103,508) + 0.061 1(77,015) 
+ 0.4695(83,174) + 20.65(79,320) = 2,471,200 kJ (Higher than 2,292,940) 


By interpolation of the two results, 
Tp = 2307 K = 2034°C 
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16-88 
16-100 A mixture of H2O and O; is heated to a high temperature. The equilibrium composition is to be determined. 


Assumptions 1 The equilibrium composition consists of H2O, OH, O,, and H3. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 
2H,0+30, —> xH,0+yH,+z0,+wOH 


Mass balances for hydrogen and oxygen yield 
H balance: 4=2x+2y+w (1) 


O balance: 8=x+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the Kp relations) to determine the equilibrium composition of the mixture. They are 


H,0@H,+ +0, (reaction 1) 
H,O © +H, +OH (reaction 2) 
The equilibrium constant for these two reactions at 3600 K are determined from Table A-28 to be 


InKp, =-1392 ——> Kp, = 0.24858 
InKp) =-1088 ——> Kp = 033689 


The Kp relations for these two simultaneous reactions are 


N”? N“ (VH, Vo, Vno) 
K, = H, 2O, P 
S N™2 N total 
H,O 
YH y7 You (Vu, Yon —Yn,0) 
m F Ny, Nott P H3 YOH VH20 
ra N2 N l 
H,O tota! 
where 
N otal = Nu,o +Nu, +No, +Noy =xX+y+z+w 
Substituting, 


1/2 
0.24858 = DE)” $ ) (3) 


% xty+z+w 
06592"? s) (4) 
x xty+z+w 
Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x= 1.371 y = 0.1646 z=2.85 w = 0.928 
Therefore, the equilibrium composition becomes 


1.371H,0 + 0.165H, + 2.850, + 0.9280H 
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16-89 
16-101 A mixture of CO, and O; is heated to a high temperature. The equilibrium composition is to be determined. 


Assumptions 1 The equilibrium composition consists of CO2, CO, O2, and O. 2 The constituents of the mixture are ideal 
gases. 


Analysis The reaction equation during this process can be expressed as 


3CO, +30, —— xCO, + yCO + z0, + wO CO, CO, 05, O 
Mass balances for carbon and oxygen yield 2600 K 
C balance: 3=x+y (1) oan 
O balance: 12=2x+y+2z+w (2) 


The mass balances provide us with only two equations with four unknowns, and thus we need to have two more equations 
(to be obtained from the Kp relations) to determine the equilibrium composition of the mixture. They are 


CO, @CO+ + O, (reaction 1) 


O, & 20 (reaction 2) 


The equilibrium constant for these two reactions at 2600 K are determined from Table A-28 to be 


In K pı =-2.801—> K p = 0.06075 
In K p =-7.521 —> K p =0.0005416 


The Kp relations for these two simultaneous reactions are 


vewe P eee 
2 


Pl J 
Noo N otal 
N” P Vo—Vo; 
No? N sotal 
2 
where 
N otal = Noo, +No, +NegtNo =x+y+z+w 
Substituting, 
1/2 
0.06075 - WE" i (3) 
x x+yt+z+w 
w? 1.5 D 
0.0005416 = | - ) (4) 
zZ\x+tyt+z+w 


Solving Eqs. (1), (2), (3), and (4) simultaneously for the four unknowns x, y, z, and w yields 
x = 2.803 y=0.197 z= 3.057 w = 0.08233 
Thus the equilibrium composition is 


2.803CO, + 0.197CO + 3.0570, + 0.08230 
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16-90 


> 
16-102 Problem 16-101 is reconsidered. The effect of pressure on the equilibrium composition by varying pressure 
from | atm to 10 atm is to be studied. 


Analysis The problem is solved using EES, and the solution is given below. 


"Given" 
T=2600 [K] 
P=1.5 [atm] 


"The equilibrium constant for these two reactions at 2600 K are determined from Table A-28" 
K_p1=exp(-2.801) 
K_p2=exp(-7.521) 


"Analysis" 

"Actual reaction: 3 CO2 + 3 O2 = N_CO2 CO2 + N_CO CO + N_O2 O2 + N_O O" 
3=N_CO2+N_CO "C balance" 

12=2*N_CO2+N_CO+2*N_O2+N_O "O balance" 
N_total=N_CO2+N_CO+N_O2+N_O 


"Stoichiometric reaction 1: CO2 = CO + 1/2 02" 
"Stoichiometric coefficients for reaction 1" 
nu_CO2_1=1 

nu_CO_1=1 

nu_O2_1=1/2 


"Stoichiometric reaction 2: O2 = 2 O" 
"Stoichiometric coefficients for reaction 2" 
nu_O2_2=1 

nu_O_ 2=2 


"K_p relations are" 
K_p1=(N_CO*nu_CO_1*N_O2“nu_O2_1)/N_CO2“nu_CO2_1*(P/N_total)\(nu_CO_1+nu_O2_1-nu_CO2_1) 
K_p2=N_O4nu_O_2/N_O2*nu_O2_2*(P/N_total)*(nu_O_2-nu_O2_2) 


Potm b 
[atm] [kmolco] 
1 0.2379 a | 
2 0.1721 0.2 
3 0.1419 : 
4 0.1237 E ole 
5 0.1111 E oml 
6 0.1017 = | 
7 0.09442 9 0.14 
8 0.0885 Z owl ] 
9 0.08357 | | 
10 0.0794 0.1 uge 
0.08 | asgl 
0.06 L , , , i l i il 
1 2 3 4 5 6 7 8 9 10 
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16-103 The hp at a specified temperature is to be determined using enthalpy and K, data. 
Assumptions Both the reactants and products are ideal gases. 
Analysis (a) The complete combustion equation of H, can be expressed as 

H, +40, H,O 


The h, R of the combustion process of H, at 2400 K is the amount of energy released as one kmol of H; is burned in a steady- 


flow combustion chamber at a temperature of 2400 K, and can be determined from 
hip =Y Noli +h-h°) -Y Nghi; +h-h’), 


Assuming the H2O, Hb», and O; to be ideal gases, we have h = A (T). From the tables, 


h; ħassx hos00k 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
H,O -241,820 9904 103,508 
H, 0 8468 75,383 
O2 0 8682 83,174 


Substituting, 
hp = \(-241,820 + 103,508 — 9904) 
—1(0 + 75,383 — 8468) 
— 0.5(0 + 83,174 — 8682) 
= -252,377 kJ / kmol 


(b) The h, g Value at 2400 K can be estimated by using Kp values at 2200 K and 2600 K (the closest two temperatures to 
2400 K for which Kp data are available) from Table A-28, 


xz = = 
ee care Lod or E E ees ee 
RUI Ts 


h 
4.648 — 6.768 = R : í 
8.314kJ/kmol-K (2200K 2600K 


hp = -252,047 kJ/kmol 
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> 
16-104 Problem 16-103 is reconsidered. The effect of temperature on the enthalpy of reaction using both methods by 
varying the temperature from 2000 to 3000 K is to be investigated. 


Analysis The problem is solved using EES, and the solution is given below. 


"Input Data" 

T_prod=2400 [K] 

DELTAT_prod =25 [K] 

R_u=8.314 [kJ/kmol-k] 

T_prod_1 = T_prod - DELTAT_prod 
T_prod_2 = T_prod + DELTAT_prod 


"The combustion equation is 1 H2 + 0.5 O2 =>1 H20" 

"The enthalpy of reaction H_bar_R using enthalpy data is:" 
h_bar_R_Enthalpy = HP - HR 

HP = 1*Enthalpy(H20,T=T_prod ) 

HR = 1*Enthalpy(H2,T=T_prod ) + 0.5*Enthalpy(O2,T=T_prod ) 


"The enthalpy of reaction H_bar_R using enthalpy data is found using the following equilibruim data:" "The 
following equations provide the specific Gibbs function (g=h-Ts) for 

each component as a function of its temperature at 1 atm pressure, 101.3 kPa" 
g_H20_1=Enthalpy(H20,T=T_prod_1 )-T_prod_1 *Entropy(H20,T=T_prod_1 ,P=101.3) 
g_H2_1=Enthalpy(H2,T=T_prod_1 )-T_prod_1 *Entropy(H2,T=T_prod_1 ,P=101.3) 
g_O2_1=Enthalpy(O2,T=T_prod_1 )-T_prod_1 *Entropy(O2,T=T_prod_1 ,P=101.3) 
g_H20_2=Enthalpy(H20,T=T_prod_2 )-T_prod_2 *Entropy(H20,T=T_prod_2 ,P=101.3) 
g_H2_2=Enthalpy(H2,T=T_prod_2 )-T_prod_2 *Entropy(H2,T=T_prod_2 ,P=101.3) 
g_O2_2=Enthalpy(O2,T=T_prod_2 )-T_prod_2 *Entropy(O2,T=T_prod_2 ,P=101.3) 

"The standard-state (at 1 atm) Gibbs functions are" 

DELTAG_1 =1*g_H20_1-0.5*g_O2_1-1*g_H2_1 

DELTAG_2 =1*g_H20_2-0.5*g_ O2_2-1*g_H2_2 

"The equilibrium constants are given by Eq. 15-14." 

K_p_1 = exp(-DELTAG_1/(R_u*T_prod_1)) "From EES data" 

K_P_2 = exp(-DELTAG_2/(R_u*T_prod_2)) "From EES data" 

"the entahlpy of reaction is estimated from the equilibrium constant K_p by using EQ 15-18 as:" 
In(K_P_2/K_P_1)=h_bar_R_Kp/R_u*(1/T_prod_1 - 1/T_prod_2) 

PercentError = ABS((h_bar_R_enthalpy - h_bar_R_Kp)/h_bar_R_enthalpy)*Convert(, %) 


Percent Torod ARenthalpy Arkp -251500 
Error [%] [K] [kJ/kmol] | [kJ/kmol] DELTAT prod =25K J 
0.0002739 | 2000 | -251723 | -251722 


0.0002333 | 2100 | -251920 | -251919 "APBN —>Enthalpy Data | 
0.000198 | 2200 | -252096 | -252095 H BoT 
0.0001673 | 2300 | -252254 | -252254 -252200L p Vata 


0.0001405 | 2400 | -252398 | -252398 
0.0001173 | 2500 | -252532 | -252531 x, 
0.00009706 | 2600 | -252657 | -252657 -252550- 


kJ/kmol] 


0.00007957 | 2700 | -252778 | -252777 £ L 
0.00006448 | 2800 | -252897 | -252896 -252900L 
0.00005154 | 2900 | -253017 | -253017 
0.0000405 | 3000 | -253142 | -253142 r 
-253250 ! l ! l 1 l i l l 
2000 2200 2400 2600 2800 3000 
Tprod [k] 
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16-105 The Kp value of the dissociation process O, <> 20 at a specified temperature is to be determined using the hp data 


and Kp value at a specified temperature. 


Assumptions Both the reactants and products are ideal gases. 
Analysis The hp and Kp data are related to each other by 


Kp _h h 
n-z ae L| or In Kp -ln Kp = ae -) 
Ka RUD D RUI TD 


u 


The h pof the specified reaction at 2800 K is the amount of energy released as one kmol of O, dissociates in a steady-flow 


combustion chamber at a temperature of 2800 K, and can be determined from 
hr = Npa; +h-h°) -Y Ng (tj +h-i’), 


Assuming the O, and O to be ideal gases, we have h = h (T). From the tables, 


h; h98 K Nogo0k 
Substance 
kJ/kmol kJ/kmol kJ/kmol 
O 249,190 6852 59,241 
O, 0 8682 98,826 
Substituting, 


hip = 2(249,190 + 59,241 — 6852) — 1(0 + 98,826 — 8682) 
= 513,014 kJ / kmol 


The Kp value at 3000 K can be estimated from the equation above by using this h; R Value and the Kp value at 2600 K which 
is In Kp, = -7,521, 


513,014 kJ/kmol ( 1 1 


In K p — (-7.521) = 
8.314kI/kmol-K\.2600K 3000K 
InK p) =-4.357 (Table A-28: In Kp) = —4.357) 


or 


K py = 0.0128 
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16-106 A mixture of CO and O; contained in a tank is ignited. The final pressure in the tank and the amount of heat transfer 
are to be determined. 
Assumptions 1 The equilibrium composition consists of CO, and O}. 2 Both the reactants and the products are ideal gases. 


Analysis The combustion equation can be written as 


CO», CO, O2 
25°C 


CO+30, ——> CO, +2.50, 
The heat transfer can be determined from Zain 
-Om = DN p(t; +7 -7° - Pv), -Y Neli; +7-7-Po), 


Both the reactants and the products are assumed to be ideal gases, and thus all the internal energy and enthalpies depend on 
temperature only, and the Pv terms in this equation can be replaced by R,T. It yields 


aa Qout => welt; + hgoo K — Ngo K -R,T), DHA: - R,T), 


since reactants are at the standard reference temperature of 25°C. From the tables, 


hy Hog K hgoox 
Substance 

kJ/kmol kJ/kmol kJ/kmol 
CO -110,530 8669 23,844 
O, 0 8682 24,523 
CO, -393,520 9364 32,179 


Substituting, 
-Q ut = U(-393,520 + 32,179 — 9364 — 8.314 x 800) 
+ 2.5(0 + 24,523 — 8682 — 8.314 x 800) 
— 3(0 — 8.314 x 298) 
—1(-110,530 — 8.314 x 298) 
= —233,940 kJ/kmol CO 


or 


Qout = 233,940 kJ/kmol CO 


The final pressure in the tank is determined from 


PV N.R,T, , p, Nate p 35 „ 800K 


(3atm)=7.05 atm 
PV NR, T N,T, 4 298K 


The equilibrium constant for the reaction CO + +0, <> CO, at 800 K is In Kp = 37.2 (by interpolation), which is much 


greater than 7.05. Therefore, it is not realistic to assume that no CO will be present in equilibrium mixture. 
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16-107 A 2-L bottle is filled with carbonated drink that is fully charged (saturated) with CO, gas. The volume that the CO, 
gas would occupy if it is released and stored in a container at room conditions is to be determined. 


Assumptions 1 The liquid drink can be treated as water. 2 Both the CO, gas and the water vapor are ideal gases. 3 The CO, 
gas is weakly soluble in water and thus Henry’s law is applicable. 


Properties The saturation pressure of water at 17°C is 1.938 kPa (Table A-4). Henry’s constant for CO, dissolved in water 
at 17°C (290 K) is H = 1280 bar (Table 16-2). Molar masses of CO, and water are 44.01 and 18.015 kg/kmol, respectively 
(Table A-1). The gas constant of CO) is 0.1889 kPa.m*/kg.K. Also, 1 bar = 100 kPa. 


Analysis In the charging station, the CO, gas and water vapor mixture above the liquid will form a saturated mixture. 
Noting that the saturation pressure of water at 17°C is 1.938 kPa, the partial pressure of the CO, gas is 


Poo, passide = P — Prapor = P—Par@irec = 600-1.938 = 598.06 kPa = 5.9806 bar 


vapor 
From Henry’s law, the mole fraction of CO; in the liquid drink is determined to be 


Pco,,gasside _ 5.9806 bar 


erty tes = 0.00467 
Y CO,, liquid side H 1280 bar 


Then the mole fraction of water in the drink becomes 


Y water, liquid side — I= YCO,, liquid side = 1— 0.00467 = 0.99533 


The mass and mole fractions of a mixture are related to each other by 


N,M, M, 
w, = = = 


"tn N, Ma OM 


m 


where the apparent molar mass of the drink (liquid water - CO mixture) is 
Mn = z YiMj = Viiquid water Mwater + Yco, Mco, 
= 0.99533 x 18.015 + 0.00467 x 44.01 = 18.14 kg/kmol 
Then the mass fraction of dissolved CO, in liquid drink becomes 


Mco, 


44.01 
WCO,, liquidside = YCO,, liquidside (0) = 0.00467 T814 =0.0113 


Therefore, the mass of dissolved CO; in a 2 L ~ 2 kg drink is 


Then the volume occupied by this CO, at the room conditions of 20°C and 100 kPa becomes 


= mRT _ (0.0226 kg)(0.1889 kPa -m° /kg-K)(293 K) 
P 100 kPa 


V = 0.0125 m? =12.5 L 


Discussion Note that the amount of dissolved CO) in a 2-L pressurized drink is large enough to fill 6 such bottles at room 
temperature and pressure. Also, we could simplify the calculations by assuming the molar mass of carbonated drink to be 
the same as that of water, and take it to be 18 kg/kmol because of the very low mole fraction of CO; in the drink. 
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EES 
16-108 Ethyl alcohol C2H5OH (gas) is burned in a steady-flow adiabatic combustion chamber with 90 percent excess 
air. The adiabatic flame temperature of the products is to be determined and the adiabatic flame temperature as a function of 
the percent excess air is to be plotted. 


Analysis The complete combustion reaction in this case can be written as 

C,H,OH (gas)+(1+ Ex)ay, [o, +3.76N , |——> 2CO, +3H,O+(Ex)(ay,)O0.+fN> 
where a, is the stoichiometric coefficient for air. The oxygen balance gives 

1+(1+ Ex)ay, x2=2x24+3x1+(Ex)(ay,)x2 
The reaction equation with products in equilibrium is 

C,H;OH (gas) + (1+ Ex)ay, [O +3.76N, |——> aCO, +bCO+dH,0+e€0,4+fN, 


The coefficients are determined from the mass balances 


Carbon balance: 2=a+b 
Hydrogen balance: 6 = 2d —> d =3 
Oxygen balance: 1+(1+ Ex)ay x2=ax2+b+d+ex2 


Nitrogen balance: (1+ Ex)ay, x3.76 = f 


Solving the above equations, we find the coefficients to be 


Ex =0.9, a, =3, a=2, b=0.00008644, d=3, e=2.7, f= 21.43 


Then, we write the balanced reaction equation as 
C,H,OH (gas) + 5.7/0, + 3.76N , | 2 CO, + 0.00008644 CO+3H,0+2.70, +21.43N, 


Total moles of products at equilibrium are 


Not = 2 + 0.00008644 + 3 + 2.7 + 21.43 = 29.13 
The assumed equilibrium reaction is 
CO, <—> CO +0.50, 
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data using 
K, =e °CUNR? or InK, =-AG*(T)/R,T 
where 
AG * (T) = Veo Zco (Tproa ) + V02 802 T prod) —¥.c02 8 C02 (T prod ) 
and the Gibbs functions are defined as 
Zco (Troa) = (h -T proa5)co 
Zo (Troa) = (h -T proa5)02 
Zooz (Troa) = (h- Tyroa 5) CO? 


The equilibrium constant is also given by 


= P J enson 1 
! _ (0.00008644)(2.7)°5 


0.5 
——| =0.00001316 
N 2 


F 29.13 


tot 
A steady flow energy balance gives 
Hg =Hp 
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where 


H + 5.Thoy@250c + 21.43hyr@os°c 


r=hy fuel@25°C 
= (-235,310 kJ/kmol) + 5.7(0) + 21.43(0) = -235,310 kJ/kmol 


A= 2hcozar, + 0.00008644hco@r,., + 3Mpo@fyes + 2. Tor yeg + 21.43hy2@r,,, 


Solving the energy balance equation using EES, we obtain the adiabatic flame temperature to be 


Trot = 1569 K 


The copy of entire EES solution including parametric studies is given next: 


"The product temperature isT_prod" 
"The reactant temperature is:" 
T_reac= 25+273.15 "[K]" 


"For adiabatic combustion of 1 kmol of fuel: " 
Q_out = 0 "[kJ]" 

PercentEx = 90 "Percent excess air" 

Ex = PercentEx/100 "EX = % Excess air/100" 
P_prod =101.3"[kPa]" 

R_u=8.314 "[kJ/kmol-K]" 


"The complete combustion reaction equation for excess air is:" 

"C2H50H(gas)+ (1+Ex)*A_th (O2 +3.76N2)=2 CO2 + 3 H2O +Ex*A_th O2 + f N2" 
"Oxygen Balance for complete combustion:" 

1 + (1+Ex)*A_th*2=2*2+3*1 + Ex*A_th*2 


"The reaction equation for excess air and products in equilibrium is:" 
"C2H50H(gas)+ (1+Ex)*A_th (O2 +3.76N2)=a CO2 + b CO+ d H20 + e O2 + f N2" 
"Carbon Balance:" 

2=a+b 

"Hydrogen Balance:" 

6=2*d 

"Oxygen Balance:" 

1 + (1+Ex)*A_th*2=a*2+b + d + e*2 

"Nitrogen Balance:" 

(1+Ex)*A_th*3.76 = f 

N_tot =a +b + d + e +f "Total kilomoles of products at equilibrium" 


"The assumed equilibrium reaction is CO2=CO+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 

each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3) 
g_CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 


"The standard-state Gibbs function is" 
DELTAG =1*g_CO+0.5*g_ O2-1*g CO2 


"The equilibrium constant is given by Eq. 15-14." 
K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 
"K_ P = (P/N_tot)*(1+0.5-1)*(b%1*e%0.5)/(a%1)" 


sqrt(P/N_tot )*b *sqrt(e )=K_P *a 
"The steady-flow energy balance is:" 
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H_R=Q_out+H_P 


h_bar_f_C2H50Hgas=-235310 "[kJ/kmol]" 


H_R=1*(h_bar_f_C2H5OHgas ) 


+(1+Ex)*A_th*ENTHALPY(O2,T=T_reac)+(1+Ex)*A_th*3.76*ENTHALPY(N2,T=T_reac) "[kJ/kmol]" 
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20,T=T_prod) 
+e*ENTHALPY(O2,T=T_prod)+fENTHALPY(N2,T=T_prod) "[kJ/kmol]" 


PercentEx a ath b d e f Tprod 
[%] [K] 
10 1.921 3 0.07868 3 0.3393 | 12.41 2191 
20 1.97 3 0.03043 3 0.6152 | 13.54 | 2093 
30 1.988 3 0.01212 3 0.9061 | 14.66 | 1996 
40 1.995 3 0.004983 3 1.202 | 15.79 | 1907 
50 1.998 3 0.002111 3 1.501 | 16.92 | 1826 
60 1.999 3 0.0009184 3 1.8 18.05 | 1752 
70 2 3 0.0004093 3 2.1 19.18 | 1685 
80 2 3 0.0001863 3 2.4 20.3 1625 
90 2 3 0.00008644 3 2.7 21.43 | 1569 
100 2 3 0.00004081 3 3 22.56 | 1518 
2200 : 
2100 
2000 
€ 1900 K 
ge] 
3 L 
+œ 1800 
1700 
1600 
1500 L— 
10 20 30 40 50 60 #70 80 90 


PercentEx 
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EES 
16-109 The percent theoretical air required for the combustion of octane such that the volume fraction of CO in the 
products is less than 0.1% and the heat transfer are to be determined. Also, the percent theoretical air required for 0.1% CO 
in the products as a function of product pressure is to be plotted. 


Analysis The complete combustion reaction equation for excess air is 

CeH1g + Phan lO: + 3.76N, |—> 8 CO, +9 H,0 + (Py, -Dam O2 + f Ny 
The oxygen balance is 

Pham X2=8X24+9x1+ (Py -—Day x2 
The reaction equation for excess air and products in equilibrium is 

CgHig + Pinan [O02 +3.76N, |» a CO, +b CO+.dH,0+€0, +f Ny 


The coefficients are to be determined from the mass balances 


Carbon balance: 8=a+b 

Hydrogen balance: 18 = 2d —>d =9 

Oxygen balance: Phap X2=ax2+b+d+ex2 
Nitrogen balance: Ppam X3.76= f 


Volume fraction of CO must be less than 0.1%. That is, 


b | b 
No a@tbt+dt+et+f 


= 0.001 


Yco 


The assumed equilibrium reaction is 
CO, <—>C0+0.50, 
The K, value of a reaction at a specified temperature can be determined from the Gibbs function data: 
Zo (Toroa) = (h- T roa) co = (53,826) — (2000)(258.48) = -570,781 kI/kmol 
fos (Troa) = (h- T roaS)o2 = (59,193) — (2000)(268.53) = —477,876 kJ/kmol 
ee (Troa) = (h- Troas )co2 = (—302,128) — (2000)(309.00) = -920,121 kJ/kmol 
The enthalpies at 2000 K and entropies at 2000 K and 101.3 kPa are obtained from EES. Substituting, 


AG* (T prod )=Vco Sco (Trod )+tVo Zo (Fred) —Vco2 Zoo (Toroa) 
= 1(—570,78 1) + 0.5(—477,876) — (—920,121) = 110,402 kJ/kmol 


~AG* (T proa) -110,402 
K , =exp pet |= sf : = 0.001308 
RT a (8.314)(2000) 


The equilibrium constant is also given by 


K be? P oe be? Prod /101.3 a 
P a (No a \a+b+d+e+f 


The steady flow energy balance gives 


Hp = Oon +H p 


where 
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Hpg = lhcsnis @ 298k + Pr inhon @298k + (Pin tn x3.76)hyo @298K 
= (—208,459) + Ps, ay, (0) + (Pham X3-76)(0) = —208,459 kJ/kmol 


Hp = aheon @2000K + bheo @2000K + dhysyo @2000K + ehoz @2000K +f Ay @ 2000K 
= a(-302,128) + b(-53,826) + d (169,171) + e(59,193) + f (56,115) 


The enthalpies are obtained from EES. Solving all the equations simultaneously using EES, we obtain 


Pp =1.024, ay, =12.5, a =7.935, b =0.06544, d =9, e=0.3289, f =48.11 
PercentTh = P x100 =1.024 x 100 = 102.4% 
Qout = 995,500 kJ/kmol CHig 


The copy of entire EES solution including parametric studies is given next: 


"The product temperature is:" 

T_prod = 2000 "[k]" 

"The reactant temperature is:" 

T_reac= 25+273 "[K]" 

"PercentTH is Percent theoretical air" 

Pth= PercentTh/100 "Pth = % theoretical air/100" 

P_prod = 5 "[atm]" *convert(atm,kPa)"[kPa]" 

R_u=8.314 "[kJ/kmol-k]" 

"The complete combustion reaction equation for excess air is:" 

"C8H18+ Pth*A_th (O2 +3.76N2)=8 CO2 + 9 H2O +(Pth-1)*A_th O2 + f N2" 
"Oxygen Balance for complete combustion:" 

Pth*A_th*2=8*2+9*1 + (Pth-1)*A_th*2 

"The reaction equation for excess air and products in equilibrium is:" 
"C8H18+ Pth*A_th (O2 +3.76N2)=a CO2 + b CO+ d H2O + e O2 + f N2" 
"Carbon Balance:" 

8=a + b 

"Hydrogen Balance:" 

18=2*d 

"Oxygen Balance:" 

Pth*A_th*2=a*2+b + d + e*2 

"Nitrogen Balance:" 

Pth*A_th*3.76 = f 

N_tot =a +b +d + e +f "Total kilomoles of products at equilibrium" 

"The volume faction of CO in the products is to be less than 0.1%. For ideal gas mixtures volume fractions equal 
mole fractions." 

"The mole fraction of CO in the product gases is:" 

y_CO = 0.001 

y_CO = b/N_tot 

"The assumed equilibrium reaction is CO2=CO+0.502" 

"The following equations provide the specific Gibbs function (g=h-Ts) for 
each component in the product gases as a function of its temperature, T_prod, 
at 1 atm pressure, 101.3 kPa" 

g_CO2=Enthalpy(CO2,T=T_prod )-T_prod *Entropy(CO2,T=T_prod ,P=101.3) 
g_ CO=Enthalpy(CO,T=T_prod )-T_prod *Entropy(CO,T=T_prod ,P=101.3) 
g_O2=Enthalpy(O2,T=T_prod )-T_prod *Entropy(O2,T=T_prod ,P=101.3) 
"The standard-state Gibbs function is" 

DELTAG =1*g_CO+0.5*g_O2-1*g_CO2 

"The equilibrium constant is given by Eq. 15-14." 

K_P = exp(-DELTAG /(R_u*T_prod )) 

P=P_prod /101.3"atm" 

"The equilibrium constant is also given by Eq. 15-15." 

"K_ P = (P/N_tot)*(1+0.5-1)*(b%1*e%0.5)/(a%1)" 

sqrt(P/N_tot )*b *sqrt(e )=K_P *a 

"The steady-flow energy balance is:" 
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16-101 
H_R=Q_out+H_P 
H_R=1*ENTHALPY(C8H18,T=T_reac)+Pth*A_th*ENTHALPY(O2,T=T_reac)+Pth*A_th*3.76*ENTHALPY(N2,T= 
T_reac) "[kJ/kmol]" 
H_P=a*ENTHALPY(CO2,T=T_prod)+b*ENTHALPY(CO,T=T_prod)+d*ENTHALPY(H20, T=T_prod) 
+e*ENTHALPY(O2,T=T_prod)+f*ENTHALPY(N2,T=T_prod) "[kJ/kmol]" 


Porod PercentTh 
[kPa] [%] 
100 112 
300 104.1 
500 102.4 
700 101.7 
900 101.2 
1100 101 
1300 100.8 
1500 100.6 
1700 100.5 
1900 100.5 
2100 100.4 
2300 100.3 
112 
110 
g 108 
G 
= 106 
® 
(S) 
O 104 
à 
102 
100 
0 500 1000 1500 2000 2500 


Poroa [kPa] 
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16-102 


16-110 It is to be shown that when the three phases of a pure substance are in equilibrium, the specific Gibbs function of 
each phase is the same. 


Analysis The total Gibbs function of the three phase mixture of a pure substance can be expressed as 


G=m,g, +m S_ +N gS yg 


where the subscripts s, 4, and g indicate solid, liquid and gaseous phases. Differentiating by holding the temperature and 
pressure (thus the Gibbs functions, g) constant yields 


dG=g,dm,+g,dm, +g,dm, 


From conservation of mass, 


dm, +dm, +dm, =0 > dm, =-—dm,-dm, 


Substituting, 
dG =—g,(dm, +dm,) + g,dm, + gdm, 


Rearranging, 
dG = (8, —g,)dm, + (8, — g,)dm, 


For equilibrium, dG = 0. Also dm, and dm, can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. It yields 


Er = 8s and Eg = 8s 
Combining these two conditions gives the desired result, 


8 = 8s = 8s 
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16-103 


16-111 It is to be shown that when the two phases of a two-component system are in equilibrium, the specific Gibbs 
function of each phase of each component is the same. 


Analysis The total Gibbs function of the two phase mixture can be expressed as 
G = (Maga + Mg Foi) + (Myr + Myo Bor) 


where the subscripts / and g indicate liquid and gaseous phases. Differentiating 
by holding the temperature and pressure (thus the Gibbs functions) constant 
yields 


dG = gydmy, + Ze\dMg + Fpp.dMpy + FendMgy 


From conservation of mass, 

dm,,=—dm,, and dm, =—dm, 
Substituting, 

AG = (8p) — Sg dm + (892 — Sgr )dmyy 


For equilibrium, dG = 0. Also dm, and dm, can be varied independently. Thus each term on the right hand side must be 
zero to satisfy the equilibrium criteria. Then we have 


Sn =g and go = Zoo 


which is the desired result. 


16-112 Using Henry’s law, it is to be shown that the dissolved gases in a liquid can be driven off by heating the liquid. 
Analysis Henry’s law is expressed as 


P, gas side (0) 


Yi, tiquidside (0) = z 


Henry’s constant H increases with temperature, and thus the fraction of gas i in the liquid yi tiquid side decreases. Therefore, 
heating a liquid will drive off the dissolved gases in a liquid. 
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16-104 


Fundamentals of Engineering (FE) Exam Problems 


16-113 If the equilibrium constant for the reaction H, + 40, — H20 is K, the equilibrium constant for the reaction 2H,0 > 
2H, + O; at the same temperature is 

(a) 1/K (b) 1/25) (c) 2K (d) K (e) 1/K° 

Answer (e) 1/K° 


16-114 If the equilibrium constant for the reaction CO + 20, —> CO, is K, the equilibrium constant for the reaction CO, + 
3N, > CO + %20, + 3N; at the same temperature is 


(a) 1/K (b) 1/(K + 3) (c) 4K (d) K (e) 1/K? 
Answer (a) 1/K 


16-115 The equilibrium constant for the reaction H, + 202 —> H,0 at | atm and 1500°C is given to be K. Of the reactions 
given below, all at 1500°C, the reaction that has a different equilibrium constant is 

(a) H; T %20, => H,O at 5 atm, 

(b) 2H, + O2 > 2H,0 at 1 atm, 

(c) H, T O, > H,O+ Y%O> at 2 atm, 

(d) H, Y%O> 3N> => H,O+ 3N> at 5 atm, 

(e) H, %0, 3N> > H,O+ 3N> at 1 atm, 

Answer (b) 2H, + O2 > 2H,0 at 1 atm, 


16-116 Of the reactions given below, the reaction whose equilibrium composition at a specified temperature is not affected 
by pressure is 

(a) H: + 40, > H20 

(b) CO + %20: > CO, 

(c) N2 + O2 2NO 

(d) Ny > 2N 

(e) all of the above. 


Answer (c) Nz +O. > 2NO 
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16-105 


16-117 Of the reactions given below, the reaction whose number of moles of products increases by the addition of inert 
gases into the reaction chamber at constant pressure and temperature is 

(a) H + 40, > H20 

(b) CO + %20, > CO, 

(c) N: T O, — 2NO 

(d) N, > 2N 

(e) none of the above. 

Answer (d) N: > 2N 


16-118 Moist air is heated to a very high temperature. If the equilibrium composition consists of H20, O2, N2, OH, H,, and 
NO, the number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 


(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 


Answer (c) 3 


16-119 Propane C3Hs is burned with air, and the combustion products consist of CO2, CO, H20, Ox, N2, OH, H3, and NO. 
The number of equilibrium constant relations needed to determine the equilibrium composition of the mixture is 


(a) 1 (b) 2 (c)3 (d) 4 (e) 5 
Answer (d) 4 


16-120 Consider a gas mixture that consists of three components. The number of independent variables that need to be 
specified to fix the state of the mixture is 


(a) 1 (b) 2 (c) 3 (d) 4 (e) 5 
Answer (d) 4 
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16-106 


16-121 The value of Henry’s constant for CO, gas dissolved in water at 290 K is 12.8 MPa. Consider water exposed to air at 
100 kPa that contains 3 percent CO, by volume. Under phase equilibrium conditions, the mole fraction of CO, gas dissolved 
in water at 290 K is 


(a) 2.3x104 (b) 3.0x107 (c) 0.80x10 (d) 2.2x10" (e) 5.6x107 
Answer (a) 2.3x104 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


H=12.8 "MPa" 

P=0.1 "MPa" 
y_CO2_air=0.03 
P_CO2_air=y_CO2_air*P 
y_CO2_liquid=P_CO2_air/H 


"Some Wrong Solutions with Common Mistakes:" 
W1_yCO2=P_CO2_air*H "Multiplying by H instead of dividing by it" 
W2_yCO2=P_CO2_air "Taking partial pressure in air" 


16-122 The solubility of nitrogen gas in rubber at 25°C is 0.00156 kmol/m?-bar. When phase equilibrium is established, the 
density of nitrogen in a rubber piece placed in a nitrogen gas chamber at 300 kPa is 


(a) 0.005 kg/m? (b) 0.018 kg/m? (c) 0.047 kg/m? (d) 0.13 kg/m? (e) 0.28 kg/m? 
Answer (d) 0.13 kg/m? 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


T=25 "C" 

S=0.00156 "kmol/bar.m^3" 

MM_N2=28 "kg/kmol" 

S_mass=S*MM_N2 "kg/bar.m^3" 

P_N2=3 "bar" 

rho_solid=S_mass*P_N2 

"Some Wrong Solutions with Common Mistakes:" 
W1_density=S*P_N2 "Using solubility per kmol" 


16-123 ... 16-125 Design and Essay Problems 
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17-2 


Stagnation Properties 


17-1C No, there is not significant error, because the velocities encountered in air-conditioning applications are very low, 
and thus the static and the stagnation temperatures are practically identical. 


Discussion If the air stream were supersonic, however, the error would indeed be significant. 


17-2C Stagnation enthalpy combines the ordinary enthalpy and the kinetic energy of a fluid, and offers convenience 
when analyzing high-speed flows. It differs from the ordinary enthalpy by the kinetic energy term. 


Discussion Most of the time, we mean specific enthalpy, i.e., enthalpy per unit mass, when we use the term enthalpy. 


17-3C Dynamic temperature is the temperature rise of a fluid during a stagnation process. 


Discussion When a gas decelerates from high speed to zero speed at a stagnation point, the temperature of the gas rises. 


17-4C The temperature of the air rises as it approaches the nose because of the stagnation process. 


Discussion In the frame of reference moving with the aircraft, the air decelerates from high speed to zero at the nose 
(stagnation point), and this causes the air temperature to rise. 


17-5 The inlet stagnation temperature and pressure and the exit stagnation pressure of air flowing through a compressor are 
specified. The power input to the compressor is to be determined. 


Assumptions 1 The compressor is isentropic. 2 Air is an ideal gas. 


Properties The properties of air at room temperature are c, = 1.005 kJ/kg-K and k = 1.4. 


900 kPa 
Analysis The exit stagnation temperature of air Toz is determined from | 
(k-1)/k (1.4-1)/1.4 i . 
P 
To= Toh 2 = (300.2 K( >] =562.4K AIR w 
Po, 100 0.06 kg/s 
From the energy balance on the compressor, f 
Win = m(hy9 — ho, ) 100 kPa 
27°C 
or, 
Wa = mc „(Toz — To) = (0.06 kg/s)(1.005 kJ/kg - K)(562.4 — 300.2)K = 15.8 kW 


Discussion Note that the stagnation properties can be used conveniently in the energy equation. 
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17-3 


17-6 Air at 320 K is flowing in a duct. The temperature that a stationary probe inserted into the duct will read is to be 
determined for different air velocities. 


Assumptions The stagnation process is isentropic. 
Properties The specific heat of air at room temperature is cp = 1.005 kJ/kg-K. 


Analysis The air which strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation process. 
The thermometer will sense the temperature of this stagnated air, which is the stagnation temperature, To. It is determined 
y2 
from Tọ =T +——. The results for each case are calculated below: 
c 


P 
2 
(a) tssk UT lkJkg | 390.0K = 
2x1.005 kJ/kg -K | 1990 m2 /s2 — AIR 
— 320K —> 
: 1 kJ/k = y 
(b) T E a l 8 _|=320.1K 
2x1.005 kJ/kg- K (1000 m? /s? 
2 
@ Keane ms lkJkg _) - 325.0K 
2x 1.005 kJ/kg- K (1000 m? /s? 
2 
@ Ty = 320K +O) _(_ kg _) - 817.5K 
21.005 kJ/kg -K | 1000 m? /s? 


Discussion Note that the stagnation temperature is nearly identical to the thermodynamic temperature at low velocities, but 
the difference between the two is significant at high velocities. 
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17-4 


17-7 The states of different substances and their velocities are specified. The stagnation temperature and stagnation 
pressures are to be determined. 


Assumptions 1 The stagnation process is isentropic. 2 Helium and nitrogen are ideal gases. 


Analysis (a) Helium can be treated as an ideal gas with c, = 5.1926 kJ/kg:K and k = 1.667. Then the stagnation temperature 
and pressure of helium are determined from 


2 2 
hr epe nn | L = - ) = 55.5°C 
2c, 2x 5.1926 kJ/kg -°C | 1000 m2 /s 
kk-1) 1.667 /(1.667-1) 
T, 
P, = p| © -= (0.25 mpa 7 K) -0.261 MPa 
T 3232K 


(b) Nitrogen can be treated as an ideal gas with c, = 1.039 kJ/kg:K and k =1.400. Then the stagnation temperature and 
pressure of nitrogen are determined from 


Vv? (300 m/s)? | 1 kJ/kg 


To =T+ =50°C+ 
2c, 2x1.039 kJ/kg -°C (1000 m? /s? 


J- 93.3°C 


k I(k-1) 1.4/(1.4-1) 
T, 
P, = (2) =(0.15 MPay 35° K) = 0.233 MPa 


(c) Steam can be treated as an ideal gas with c, = 1.865 kJ/kg:K and k =1.329. Then the stagnation temperature and 
pressure of steam are determined from 


y? (480 m/s)? ( LkJ/kg 


To =T +—— = 350°C + 
2 21.865 kJ/kg -°C (1000m? /s2 


]=411.8°c -685K 
Cp 


= 0.147 MPa 


k k=) 1.329 /(1.329-1) 
T, 
P, = P| 2 = (0.1 MPa) peas 
T 623.2 K 


Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-8 The state of air and its velocity are specified. The stagnation temperature and stagnation pressure of air are to be 
determined. 


Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 
Properties The properties of air at room temperature are cp = 1.005 kJ/kg-K and k = 1.4. 
Analysis The stagnation temperature of air is determined from 


y? (470 m/s)? ( 1kJ/kg 


Ty =T +—=238K+ oA 
2 2x 1.005 kJ/kg- K (1000 m2/s2 


J- 347.9 K = 348 K 
Cp 


Other stagnation properties at the specified state are determined by considering an isentropic process between the specified 
state and the stagnation state, 


kk-1) 1.4/(1.4-1) 
T, 
P, -»( 2) = (36 Ka 22K =135.9 kPa = 136 kPa 


238K 


Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-5 


17-9E Steam flows through a device. The stagnation temperature and pressure of steam and its velocity are specified. The 
static pressure and temperature of the steam are to be determined. 


Assumptions 1 The stagnation process is isentropic. 2 Steam is an ideal gas. 
Properties Steam can be treated as an ideal gas with c, = 0.4455 Btu/lbm-R and k =1.329. 


Analysis The static temperature and pressure of steam are determined from 


2c 2x 0.4455 Btu/Ibm -°F 


y? (900 ft/s)? l 1 Btu/lbm 
P 


T =T, --—— = 700°F m | = 663.7°F 
25,037 ft? /s 


k /(k-) 1.329 /(1.329-1) 
P=P| — = (120 psia A227) = 105.5 psia 
T) 1160R 


Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 


17-10 Air flows through a device. The stagnation temperature and pressure of air and its velocity are specified. The static 
pressure and temperature of air are to be determined. 


Assumptions 1 The stagnation process is isentropic. 2 Air is an ideal gas. 
Properties The properties of air at an anticipated average temperature of 600 K are c, = 1.051 kJ/kg-K and k = 1.376. 


Analysis The static temperature and pressure of air are determined from 


v? bas; (570 m/s)” ( 1kJ/kg 


; =518.6K 
2c 2x1.051kJ/kg -K (1000 m2 S| 


and 


k ((k-1) 1.376 /(1.376-1) 

T. 6K 

P, -Pa| 2) =(0.6MPal Ži sK) = 0.23 MPa 
02 i 


Discussion Note that the stagnation properties can be significantly different than thermodynamic properties. 
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17-6 


17-11 The inlet stagnation temperature and pressure and the exit stagnation pressure of products of combustion flowing 
through a gas turbine are specified. The power output of the turbine is to be determined. 


Assumptions 1 The expansion process is isentropic. 2 Products of combustion are ideal gases. 
Properties The properties of products of combustion are cp = 1.157 kJ/kg-K, R = 0.287 kJ/kg-K, and k = 1.33. 


Analysis The exit stagnation temperature Toz is determined to be 


k-1)/k = 
Te -75( 72 ) an (1023.2 (e POS 5779K ies 
Also, | 
W 
c, = ke, = k(c, R) > c5 z SEAM: =S 
_1.33(0.287 kJ/kg -K) ) 
j 1.33-1 100 kPa 
=1.157 kI/kg-K 
From the energy balance on the turbine, 
Wout = (h20 — ho1) 
or, Wout =C, (To, -Tu ) = (1-157 kJ/kg: K)(1023.2-577.9) K= 515.2 kJ/kg = 515 kJ/kg 


Discussion Note that the stagnation properties can be used conveniently in the energy equation. 
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17-7 


Speed of Sound and Mach Number 


17-12C Sound is an infinitesimally small pressure wave. It is generated by a small disturbance in a medium. It 
travels by wave propagation. Sound waves cannot travel in a vacuum. 


Discussion Electromagnetic waves, like light and radio waves, can travel in a vacuum, but sound cannot. 


17-13C Yes, the propagation of sound waves is nearly isentropic. Because the amplitude of an ordinary sound wave is 
very small, and it does not cause any significant change in temperature and pressure. 


Discussion No process is truly isentropic, but the increase of entropy due to sound propagation is negligibly small. 


17-14C The sonic speed in a medium depends on the properties of the medium, and it changes as the properties of the 
medium change. 


Discussion The most common example is the change in speed of sound due to temperature change. 


17-15C Sound travels faster in warm (higher temperature) air since c = ykRT . 


Discussion On the microscopic scale, we can imagine the air molecules moving around at higher speed in warmer air, 
leading to higher propagation of disturbances. 


17-16C Sound travels fastest in helium, since c = ykRT and helium has the highest kR value. It is about 0.40 for air, 
0.35 for argon, and 3.46 for helium. 


Discussion We are assuming, of course, that these gases behave as ideal gases — a good approximation at room temperature. 


17-17C Air at specified conditions will behave like an ideal gas, and the speed of sound in an ideal gas depends on 
temperature only. Therefore, the speed of sound is the same in both mediums. 


Discussion If the temperature were different, however, the speed of sound would be different. 


17-18C In general, no, because the Mach number also depends on the speed of sound in gas, which depends on the 
temperature of the gas. The Mach number remains constant only if the temperature and the velocity are constant. 


Discussion It turns out that the speed of sound is not a strong function of pressure. In fact, it is not a function of pressure at 
all for an ideal gas. 
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17-19 The Mach number of an aircraft and the speed of sound in air are to be determined at two specified temperatures. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The gas constant of air is R = 0.287 kJ/kg:K. Its specific heat ratio at room temperature is k = 1.4. 


Analysis From the definitions of the speed of sound and the Mach number, 


Faaa 
c= VERT = _[(1.4)(0.287 kJ/kg: K)(800 K) 1200™/S” | -347 mis 
lkJ/kg 
and het ms gi 
c 347m/s 
(b) At 1000 K, 
BRD 
c= VERT = _|(1.4)(0.287 kJ/kg: K)(1000 K) 1200 /S" | _ 634 mis 
lkJ/kg 
and a= 4 = ZAIN = 0.379 
c 634m/s 


17-8 


Discussion Note that a constant Mach number does not necessarily indicate constant speed. The Mach number of a rocket, 


for example, will be increasing even when it ascends at constant speed. Also, the specific heat ratio k changes with 
temperature, and the accuracy of the result at 1000 K can be improved by using the k value at that temperature (it would 
give k = 1.386, c= 619 m/s, and Ma = 0.388). 
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17-20 Carbon dioxide flows through a nozzle. The inlet temperature and velocity and the exit temperature of CO, are 
specified. The Mach number is to be determined at the inlet and exit of the nozzle. 


Assumptions 1 CO, is an ideal gas with constant specific heats at room temperature. 2 This is a steady-flow process. 


Properties The gas constant of carbon dioxide is R = 0.1889 kJ/kg-K. Its constant pressure specific heat and specific heat 
ratio at room temperature are c, = 0.8439 kJ/kg-K and k = 1.288. 


Analysis (a) At the inlet 


1000 m? /s? 
c, = Vk,RT, =. |(1.288)(0.1889 kI/kg-K)(1200K) a ee 
g 
Thus, 
1200K Carbon 
May Sa OS a25 50 m/s —* dioxide ——> 400K 
cı 540.3 m/s 
(b) At the exit, ee 
2 2 
c, =k RT, = {2.201080 ksi: (400K 000 =312.0 m/s 
g 


The nozzle exit velocity is determined from the steady-flow energy balance relation, 


2 2 


V, -V V, -V 
0=h, -h +—=——— > 0=c,(T, -T,)+4~— 
2 2 
2_ 2 
0 = (0.8439 kJ/kg - K)(400 -1200 K) +2 (SOA) | ae z) > V, =1163 m/s 
2 1000 m* /s 
Thus, 
V. 
Wass 2 _1163m/s 373 
c, 312m/s 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved by 
accounting for this variation. Using EES (or another property database): 


At 1200 K: cp = 1.278 kJ/kg-K, k= 1.173, — c,=516m/s, V,=50 m/s, Ma, = 0.0969 
At 400 K: c= 0.9383 kJ/kg-K, k= 1.252 > c,=308m/s, V,=1356m/s, Ma, =4.41 


Therefore, the constant specific heat assumption results in an error of 4.5% at the inlet and 15.5% at the exit in the Mach 
number, which are significant. 
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17-10 


17-21 Nitrogen flows through a heat exchanger. The inlet temperature, pressure, and velocity and the exit pressure and 
velocity are specified. The Mach number is to be determined at the inlet and exit of the heat exchanger. 


Assumptions 1 N, is an ideal gas. 2 This is a steady-flow process. 3 The potential energy change is negligible. 


Properties The gas constant of N, is R = 0.2968 kJ/kg-K. Its constant pressure specific heat and specific heat ratio at room 
temperature are c, = 1.040 kJ/kg-K and k = 1.4. 


Analysis 


1000 m/s? 


cı =./k,RT, = [ooo zas isre- oes] rae 


l = 342.9 m/s 


Thus, 120 kJ/kg 


V. 
Ma, =— = 100 m/s__ 9.292 —_y— 
ci 342.9 m/s 150 kPa 100 kPa 


10°C — Nitrogen — 200 m/s 
100 m/s 


From the energy balance on the heat exchanger, 


v? -V° 


qin = Cph -T,) + 


2 th : 1kJ/k 
120 kJ/kg = (1.040 KJ/kg.°C)(T, — 10°C) + S te 


2 1000 m° /s? 
It yields 
Tə = 111°C =384K 


1000 m? /s? 
Cy =k RT, = .{(1.4)(0.2968 kJ/kg -K)(384 K) =a: = 399 m/s 
g 
Thus, 
Ma, -2 -20m _ 9 501 
cC) 399 m/s 


Discussion The specific heats and their ratio k change with temperature, and the accuracy of the results can be improved by 
accounting for this variation. Using EES (or another property database): 


At 10°C : c= 1.038 kJ/kg:K, k= 1.400 — c,=343 m/s, V,=100m/s, Ma; = 0.292 
At 111°C c= 1.041 kJ/kg:K, k= 1.399 — c=399m/s, V=200 m/s, Ma,= 0.501 


Therefore, the constant specific heat assumption results in an error of 4.5% at the inlet and 15.5% at the exit in the Mach 
number, which are almost identical to the values obtained assuming constant specific heats. 


17-22 The speed of sound in refrigerant-134a at a specified state is to be determined. 
Assumptions R-134a is an ideal gas with constant specific heats at room temperature. 
Properties The gas constant of R-134a is R = 0.08149 kJ/kg-K. Its specific heat ratio at room temperature is k = 1.108. 


Analysis From the ideal-gas speed of sound relation, 


1000 m° /s? 


c= VkRT = |(1.108)(0.08149 kI/kg-K)(60+ 273K 
| X g KY | Tkg 


| =173 m/s 


Discusion Note that the speed of sound is independent of pressure for ideal gases. 
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17-11 
17-23 The Mach number of a passenger plane for specified limiting operating conditions is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The gas constant of air is R = 0.287 kJ/kg:K. Its specific heat ratio at room temperature is k = 1.4. 


Analysis From the speed of sound relation 


1000 m° /s? 


c= VkRT = _|(1.4)(0.287 kJ/kg -K)(-60 + 273 K) 
1 kJ/kg 


| = 293 m/s 


Thus, the Mach number corresponding to the maximum cruising speed of the plane is 


Ma — Vmax _ (945/3.6) m/s 


c 293 m/s 


= 0.897 


Discussion Note that this is a subsonic flight since Ma < 1. Also, using a k value at -60°C would give practically the same 
result. 


17-24E Steam flows through a device at a specified state and velocity. The Mach number of steam is to be determined 
assuming ideal gas behavior. 


Assumptions Steam is an ideal gas with constant specific heats. 
Properties The gas constant of steam is R = 0.1102 Btu/lbm:R. Its specific heat ratio is given to be k= 1.3. 


Analysis From the ideal-gas speed of sound relation, 


Ife 
c= VERT = |(1.3)(0.1102 Btu/Ibm- R)(1160 R)| 222937 NIR | SIN 
1 Btu/lbm 
Thus, 
Ma= = 2008S 0.441 
c 2040 ft/s 


Discussion Using property data from steam tables and not assuming ideal gas behavior, it can be shown that the Mach 
number in steam at the specified state is 0.446, which is sufficiently close to the ideal-gas value of 0.441. Therefore, the 
ideal gas approximation is a reasonable one in this case. 
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EES 
17-25E Problem 17-24E is reconsidered. The variation of Mach number with temperature as the temperature 
changes between 350° and 700°F is to be investigated, and the results are to be plotted. 


Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 


T=Temperature+460 


R=0.1102 
V=900 
k=1.3 
c=SQRT(k*R*T*25037) 
Ma=V/c 0.53 
Temperature, Mach number 9.32 
T, F Ma 0.51 
350 0.528 | 
375 0.520 oe 
400 0.512 
425 0.505 0.49 
450 0.498 © L 
475 0.491 = 0.48 
500 0.485 F 
525 0.479 0.47 
550 0.473 F 
575 0.467 9.46 
600 0.462 
625 0.456 aii 
650 0.451 rr 
675 0.446 350 400 450 500 550 600 650 700 
700 0.441 Temperature, °F 


Discussion Note that for a specified flow speed, the Mach number decreases with increasing temperature, as expected. 


17-26 The expression for the speed of sound for an ideal gas is to be obtained using the isentropic process equation and the 
definition of the speed of sound. 


Analysis The isentropic relation Pv“ = A where A is a constant can also be expressed as 


Substituting it into the relation for the speed of sound, 


k 
c2 [|B] =| 24 |< pap = kA") / p= k(P/ p) = ART 
op), pe di 


since for an ideal gas P = pRT or RT = P/p. Therefore, [c= VkRT | VkRT |, which is the desired relation. 


Discussion Notice that pressure has dropped out; the speed of sound in an ideal gas is not a function of pressure. 
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17-27 The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to the 
final speed of sound is to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 


Properties The properties of air are R = 0.287 kJ/kg:K and k = 1.4. The specific heat ratio k varies with temperature, but in 
our case this change is very small and can be disregarded. 


Analysis The final temperature of air is determined from the isentropic relation of ideal gases, 


(k-1)/k (1.4-1)/1.4 

P. i 

Tə =T, 2 = (333.2 of 24a) =228.4K 
P, 1.5 MPa 


Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 


c> kiRT, VT _ 4333.2 aie 


Ratio = — 
c]  JGRT, E ABA 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 


17-28 The inlet state and the exit pressure of helium are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 


Assumptions Helium is an ideal gas with constant specific heats at room temperature. 
Properties The properties of helium are R = 2.0769 kJ/kg-K and k = 1.667. 


Analysis The final temperature of helium is determined from the isentropic relation of ideal gases, 
(k-1)/k (1.667-1)/1.667 
P. 4 
=n J -6332h 24) =196.3K 


The ratio of the initial to the final speed of sound can be expressed as 


cy VkRT VT _ 3332 _4 39 


ci Jk)RT, JT, 1963 


Ratio = 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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17-29E The inlet state and the exit pressure of air are given for an isentropic expansion process. The ratio of the initial to 
the final speed of sound is to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 


Properties The properties of air are R = 0.06855 Btu/Ibm-R and k = 1.4. The specific heat ratio k varies with temperature, 
but in our case this change is very small and can be disregarded. 


Analysis The final temperature of air is determined from the isentropic relation of ideal gases, 


(k-1)/k (1.4-1)/1.4 

P. 

T, = nf 2 = (659.7 (£) = 489.9 R 
P, 170 


Treating k as a constant, the ratio of the initial to the final speed of sound can be expressed as 


4k, RT, T, 4 
Ratio = “2. = 1 Ai o ya 


c „kRT, JT, 4489.9 


Discussion Note that the speed of sound is proportional to the square root of thermodynamic temperature. 
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One Dimensional Isentropic Flow 


17-30C (a) The velocity increases. (b), (c), (d) The temperature, pressure, and density of the fluid decrease. 


Discussion The velocity increase is opposite to what happens in supersonic flow. 


17-31C (a) The velocity decreases. (b), (c), (d) The temperature, pressure, and density of the fluid increase. 


Discussion The velocity decrease is opposite to what happens in supersonic flow. 


17-32C (a) The exit velocity remains constant at sonic speed, (b) the mass flow rate through the nozzle decreases 
because of the reduced flow area. 


Discussion Without a diverging portion of the nozzle, a converging nozzle is limited to sonic velocity at the exit. 


17-33C (a) The velocity decreases. (b), (c), (d) The temperature, pressure, and density of the fluid increase. 


Discussion The velocity decrease is opposite to what happens in subsonic flow. 


17-34C (a) The velocity increases. (b), (c), (d) The temperature, pressure, and density of the fluid decrease. 


Discussion The velocity increase is opposite to what happens in subsonic flow. 


17-35C The pressures at the two throats are identical. 


Discussion Since the gas has the same stagnation conditions, it also has the same sonic conditions at the throat. 


17-36C No, it is not possible. 


Discussion The only way to do it is to have first a converging nozzle, and then a diverging nozzle. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-37 The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.287 kJ/kg‘K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis The temperature is -20 + 273.15 = 253.15 K. The speed of sound is 


2 2 
c= VERT = |(1.4)(0.287 KJ/kg -K)(253.15 K)| OOS | 318.93 mis 
1 kJ/kg 
and 
V =cMa = (318.93 mon) -8037 km/h = 8040 km/h 
S 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 


17-38E The Mach number of scramjet and the air temperature are given. The speed of the engine is to be determined. 
Assumptions Air is an ideal gas with constant specific heats at room temperature. 

Properties The gas constant of air is R = 0.06855 Btu/lbm:R. Its specific heat ratio at room temperature is k = 1.4 . 
Analysis The temperature is 0 + 459.67 = 459.67 R. The speed of sound is 


D 
c=~VkRT = ,|(1.4)(0.06855 Btu/lbm - R)(459.67 R) eos = 1050.95 ft/s 
1 Btu/Ibm 
and 
1 mi/h : ` 
V =cMa = (1050.95 ft/s)(7)} ————— |= 5015.9 mi/h = 5020 mi/h 
1.46667 ft/s 


Discussion Note that extremely high speed can be achieved with scramjet engines. We cannot justify more than three 
significant digits in a problem like this. 
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17-39 The speed of an airplane and the air temperature are give. It is to be determined if the speed of this airplane is 
subsonic or supersonic. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The gas constant of air is R = 0.287 kJ/kg:K. Its specific heat ratio at room temperature is k = 1.4. 
Analysis The temperature is -50 + 273.15 = 223.15 K. The speed of sound is 


1000 m? /s? (38 km/h 
1 kJ/kg 1 m/s 


c=<VkRT = osnoasi kJ/kg -K)(223.15 o| J- 1077.97 km/h 


and 


V _ 920kmh 
c 1077.97 km/h 


The speed of the airplane is subsonic since the Mach number is less than 1. 


= 0.85346 = 0.853 


17-17 


Discussion Subsonic airplanes stay sufficiently far from the Mach number of 1 to avoid the instabilities associated with 


transonic flights. 
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17-40 The critical temperature, pressure, and density of air and helium are to be determined at specified conditions. 
Assumptions Air and Helium are ideal gases with constant specific heats at room temperature. 


Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, k = 1.4, and c, = 1.005 kJ/kg-K. The properties 
of helium at room temperature are R = 2.0769 kJ/kg:K, k = 1.667, and c, = 5.1926 kJ/kg-K. 


Analysis (a) Before we calculate the critical temperature T*, pressure P*, and density o*, we need to determine the 
stagnation temperature Ty, pressure Po, and density po. 


y? (250 m/s)? ( kJ/kg 


Ty =100°C + — =100+ TON ie ke 
2 2x1.005 kJ/kg -°C (1000 m* /s 


)- 131.1°C 
Cp 


k I(k-1) 1.4/(1.4-1) 
T, i 
P), =P (2) = (200 kPa( aa £) = 264.7 kPa 


373.2 K 
P, 
pp ia 
RT) (0.287 kPa-m*/kg-K)(404.3K) 
Thus, 
2 2 
T*=T,| — | = (404.3 K)| —— |=337K 
k+l 1.441 
9 kD 1.4/(1.4-1) 
P*= P) = (264.7 kraf ) =140 kPa 
k+1 1.4+1 
a NED a \104-) 
*= p| — = (2.281 kg/m?) —~— =1.45 kg/m? 
i pl Z| ( y A ? 
2; 2 
1 kJ/k 
A E Sree aps — ( £ = z )=48.7°C 
2c, 2x 5.1926 kI/kg-°C (1000 m2 /s 
k (k=l) 1.667 /(1.667-1) 
Pi =P (=) = (200 KPa 322K ) =214.2 kPa 
T 313.2 K 
P, : 
AL age Li = 0.320 kg/m? 
RT, (2.0769 kPa- m3/kg-K)(321.9K) 
Thus, 
T*=T,| ~—)=(321.9k)| —2—|=241 K 
k+l 1.667+1 
a NKD > 1.667 /(1.667-1) 
P* =P, = (214.2 kPa) —~— =104.3 kPa 
k+l 1.667 +1 


1/(k-1) 1/(1.667-1) 
* = = (0.320 kg/m?) —— = 0.208 kg/m? 
ater (a) g 


Discussion These are the temperature, pressure, and density values that will occur at the throat when the flow past the throat 
is supersonic. 
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17-41 Quiescent carbon dioxide at a given state is accelerated isentropically to a specified Mach number. The temperature 
and pressure of the carbon dioxide after acceleration are to be determined. 


Assumptions Carbon dioxide is an ideal gas with constant specific heats at room temperature. 
Properties The specific heat ratio of the carbon dioxide at room temperature is k = 1.288. 


Analysis The inlet temperature and pressure in this case is equivalent to the stagnation temperature and pressure since the 
inlet velocity of the carbon dioxide is said to be negligible. That is, To = T;= 400 Kand Po =P; = 1200 kPa. Then, 


=T, fee = (600 K) es = 570.43 K = 570K 
2+(k—1)Ma 2+(1.288-1)(0.6) 


and 


k/(k-1) 1.288 /(1.288-1) 
pIE =a200KPa| 2B -957.23 K =957 kPa 
T 600 K 


0 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as part of the internal energy of the 
gas is converted to kinetic energy. 


17-42 Air enters a converging-diverging nozzle at specified conditions. The lowest pressure that can be obtained at the 
throat of the nozzle is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The specific heat ratio of air at room temperature is k = 1.4. 


Analysis The lowest pressure that can be obtained at the throat is the critical pressure P*, which is determined from 


2 k(k-) 1.4/(1.4-1) 
P*=P, = (800 kPa) = 423 kPa 
k+1 


14+1 


Discussion This is the pressure that occurs at the throat when the flow past the throat is supersonic. 
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17-43 Helium enters a converging-diverging nozzle at specified conditions. The lowest temperature and pressure that can 
be obtained at the throat of the nozzle are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 


Properties The properties of helium are k = 1.667 and c, = 5.1926 kJ/kg-K. 


Analysis The lowest temperature and pressure that can be obtained at the throat are the critical temperature T* and critical 
pressure P*. First we determine the stagnation temperature Tp and stagnation pressure Po, 


y? (100 m/s)? ( 1kJ/kg 


Tọ =T +— =800K + tt) -s01k 
2c 25.1926 kJ/kg -°C (1000 m? /s? Mon 3 


P 
— Helium — 


k (k-1) 1.667 /(1.667-1) 
T, 
P, =P (2) =(0.7 mpa | = 0.702 MPa Jr 
T 800K 


Thus, 
T*=T, a) = (801 Ko) -601 K 
k+1 1.667 +1 
and 
a NKD 3 1.667 /(1.667-1) 
prep| — = (0.702 MPa)| ——— =0.342 MPa 
k+1 1.667 +1 


Discussion These are the temperature and pressure that will occur at the throat when the flow past the throat is supersonic. 
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17-44 Air flows through a duct. The state of the air and its Mach number are specified. The velocity and the stagnation 
pressure, temperature, and density of the air are to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The properties of air at room temperature are R = 0.287 kPa.m*/kg.K and k= 1.4. 


Analysis The speed of sound in air at the specified conditions is 


c=/¥VkRT = [osoa kJ/kg - K)(373.2 (ao = 387.2 m/s 
lkJ/kg 
Thus, ———————— 
V =Maxc = (0.8)(387.2 m/s) = 310 m/s —— AR ——> 
Also, 
pe aw = 1.867 kg/m? 


RT (0.287 kPa-m*/kg-K)(373.2K) 


Then the stagnation properties are determined from 


2 2 
p= if + = = (373.2 f „emea =421 K 


k k=l) 1.4/(1.4-1) 
T 
P = of) = (200 Kal a <) =305 kPa 


1/(k-1) 1/(1.4-1) 
To 3 (421.0K 3 
= p & = (1.867 kg/ =2.52 kg/m 
m AZ) eee (eae) 3 


Discussion Note that both the pressure and temperature drop as the gas is accelerated as part of the internal energy of the 
gas is converted to kinetic energy. 
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EES 


Analysis The EES Equations window is printed below, along with the tabulated and plotted results. 


P=200 1600 
T=100+273.15 iäna! 
R=0.287 
k=1.4 € 1200 
c=SQRT(k*R*T*1000) 3 
Ma=V/c = api 
D 
rho=P/(R*T) E 
> 800 
"Stagnation properties" o 
TO=T*(1+(k-1)*Ma‘2/2) S 600 
PO=P*(TO/T)(k/(k-1)) a | 
rho0=rho*(T0/T)*(1/(k-1)) > 400 
200 
0 
0 
Mach num. | Velocity, Stag. Temp, | Stag. Press, | Stag. Density, 
Ma V, m/s To, K Po, kPa Po, kg/m? 
0.1 38.7 373.9 201.4 1.877 
0.2 774 376.1 205.7 1.905 
0.3 116.2 379.9 212.9 1.953 
0.4 154.9 385.1 223.3 2.021 
0.5 193.6 391.8 237.2 2.110 
0.6 232.3 400.0 255.1 2.222 
0.7 271.0 409.7 277.4 2.359 
0.8 309.8 420.9 304.9 2.524 
0.9 348.5 433.6 338.3 2.718 
1.0 387.2 447.8 378.6 2.946 
1.1 425.9 463.5 427.0 3.210 
1.2 464.7 480.6 485.0 3.516 
1.3 503.4 499.3 554.1 3.867 
1.4 542.1 519.4 636.5 4.269 
1.5 580.8 541.1 734.2 4.728 
1.6 619.5 564.2 850.1 5.250 
1.7 658.3 588.8 987.2 5.842 
1.8 697.0 615.0 1149.2 6.511 
1.9 735.7 642.6 1340.1 7.267 
2.0 714.4 671.7 1564.9 8.118 


Discussion Note that as Mach number increases, so does the flow velocity and stagnation temperature, pressure, and 


density. 


17-22 


Problem 17-44 is reconsidered. The effect of Mach number on the velocity and stagnation properties as the Ma 
is varied from 0.1 to 2 are to be investigated, and the results are to be plotted. 
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17-46 An aircraft is designed to cruise at a given Mach number, elevation, and the atmospheric temperature. The stagnation 
temperature on the leading edge of the wing is to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The properties of air are R = 0.287 kPa.m*/kg.K, Cp = 1.005 kJ/kg'K, and k= 1.4. 


Analysis The speed of sound in air at the specified conditions is 


2 2: 
c=VkRT = _|(1.4)(0.287 kJ/kg -K)(236.15 K) AQUI ES Neos as 
lkJ/kg 
Thus, 
V =Maxc =(1.4)(308.0 m/s) = 431.2 m/s 
Then, 
2 2 
1.2 1kJ/k 
pari oe neist Emo (e) =329 K 
2c, 2x1.005 kJ/kg -K (1000 m? /s? 


Discussion Note that the temperature of a gas increases during a stagnation process as the kinetic energy is converted to 
enthalpy. 


17-47E Air flows through a duct at a specified state and Mach number. The velocity and the stagnation pressure, 
temperature, and density of the air are to be determined. 


Assumptions Air is an ideal gas with constant specific heats at room temperature. 
Properties The properties of air are R = 0.06855 Btu/Ibm-R = 0.3704 psia-ft’/lbm-R and k= 1.4. 
Analysis First, T = 320 + 459.67 = 779.67 K. The speed of sound in air at the specified conditions is 


c=~kRT = Jo aoossss Btu/1bm- R)(779.67 a( sees = 1368.72 ft/s 
1 Btu/1bm 
Thus, 
V = Ma xc =(0.7)(1368.72 fi/s) = 958.10 = 958 ft/s 
Also, 


P 25 psia 


= = oe = 0.086568 1bm/ft’ 
RT (0.3704 psia - ft’/Ibm-R)(779.67 R) 


p 


Then the stagnation properties are determined from 


2 2 
T, =T í T= = (779.67 vfi „Leeri =856.08 R=856 R 


kI(k-1) 1.4/(1.4-1) 
856.08 R f 
P =P| =(25 psia)} ———-— = 34.678 psia = 34.7 psia 
i (=) oP (ee =) p j 


856.08 R 


1/(1.4-1) 
) = 0.10936 lbm/ft° = 0.109 Ibm/ft® 
719.67 R 


1/(k-1) 
Py = ne = (0.08656 Ibm’) 


Discussion Note that the temperature, pressure, and density of a gas increases during a stagnation process. 
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Isentropic Flow Through Nozzles 


17-48C The fluid would accelerate even further instead of decelerating. 


Discussion This is the opposite of what would happen in subsonic flow. 


17-49C The fluid would accelerate even further, as desired. 


Discussion This is the opposite of what would happen in subsonic flow. 


17-50C (a) The exit velocity reaches the sonic speed, (b) the exit pressure equals the critical pressure, and (c) the 
mass flow rate reaches the maximum value. 


Discussion In such a case, we say that the flow is choked. 


17-51C (a) No effect on velocity. (b) No effect on pressure. (c) No effect on mass flow rate. 


Discussion In this situation, the flow is already choked initially, so further lowering of the back pressure does not change 
anything upstream of the nozzle exit plane. 


17-52C If the back pressure is low enough so that sonic conditions exist at the throats, the mass flow rates in the two 
nozzles would be identical. However, if the flow is not sonic at the throat, the mass flow rate through the nozzle with 
the diverging section would be greater, because it acts like a subsonic diffuser. 


Discussion Once the flow is choked at the throat, whatever happens downstream is irrelevant to the flow upstream of the 
throat. 


17-53C Maximum flow rate through a converging nozzle is achieved when Ma = | at the exit of a nozzle. For all other Ma 
values the mass flow rate decreases. Therefore, the mass flow rate would decrease if hypersonic velocities were 
achieved at the throat of a converging nozzle. 


Discussion Note that this is not possible unless the flow upstream of the converging nozzle is already hypersonic. 


17-54C Ma* is the local velocity non-dimensionalized with respect to the sonic speed at the throat, whereas Ma is the 
local velocity non-dimensionalized with respect to the local sonic speed. 


Discussion The two are identical at the throat when the flow is choked. 


17-55C (a) The velocity decreases, (b) the pressure increases, and (c) the mass flow rate remains the same. 


Discussion Qualitatively, this is the same as what we are used to (in previous chapters) for incompressible flow. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-25 


17-56C No, if the flow in the throat is subsonic. If the velocity at the throat is subsonic, the diverging section would act 
like a diffuser and decelerate the flow. Yes, if the flow in the throat is already supersonic, the diverging section would 
accelerate the flow to even higher Mach number. 


Discussion In duct flow, the latter situation is not possible unless a second converging-diverging portion of the duct is 
located upstream, and there is sufficient pressure difference to choke the flow in the upstream throat. 


17-57 It is to be explained why the maximum flow rate per unit area for a given ideal gas depends only on P) /4/Tọ . Also 


for an ideal gas, a relation is to be obtained for the constant a in m,,,, / A* =a (P, To ) 


Properties The properties of the ideal gas considered are R = 0.287 kPa.m*/kg-K and k= 1.4. 


Analysis The maximum flow rate is given by 


y NEk 2 \&+D/2-) 
hna = A* P JETRT|7 -) or Tmax | A* = (Py / JT, erR{ =| 
F + 


For a given gas, k and R are fixed, and thus the mass flow rate depends on the parameter P,/,/T) . Thus, M max /A* can be 


/ A* = a(P, / JT ) where 


expressed as M max 


2 


1000 m? /s* (an 
1 kJ/kg 


(k+1)/2(k-1) 
a= JER <>) = es 


2.4/0.8 
a = 0.0404 (m/s) VK 
4 (0.287 kk 40 


Discussion Note that when sonic conditions exist at a throat of known cross-sectional area, the mass flow rate is fixed by 
the stagnation conditions. 


17-58 For an ideal gas, an expression is to be obtained for the ratio of the speed of sound where Ma = | to the speed of 
sound based on the stagnation temperature, c*/co. 


Analysis For an ideal gas the speed of sound is expressed as c = ykRT . Thus, 


Eel eh 


C JRR, 


Discussion Note that a speed of sound changes the flow as the temperature changes. 


7 ae, k+1 


0 
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17-59 Air enters a converging-diverging nozzle at a specified pressure. The back pressure that will result in a specified exit 
Mach number is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic. 


Properties The specific heat ratio of air is k = 1.4. 


Analysis The stagnation pressure in this case is identical to the inlet 
pressure since the inlet velocity is negligible. It remains constant 


throughout the nozzle since the flow is isentropic, ©) AIR — > © 
Po =P; = 1.2 MPa V.~0 Ma. = 1.8 

From Table A-32 at Ma, =1.8, we read P,/P = 0.1740. : ) 

Thus, 


P =0.1740P, = 0.1740(1.2 MPa) = 0.209 MPa 


Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-60 Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit-to- 
inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4 and c, = 1.005 kJ/kg-K. 


Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


2 2 

p74" 2p Ke Oe Í Eee > ]=431.194K 
2c 21.005 kJ/kg -K \1000 m*/s 

and 


P 

ki(k-1) 1.4/(1.4-1) 

P, =P fo =(0.6 MPa) ek deal = (0.65786 MPa 
T, 420K 


From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma = 1, we read T/To = 0.8333, P/Po = 0.5283. Thus, 
T = 0.8333T = 0.8333(431.194 K) = 359.31 K ~ 359 K 


and 

P = 0.5283Pp = 0.5283(0.65786 MPa) = 0.34754 MPa = 0.348 MPa = 348 kPa 
Also, 

2 2 
c, = VERT, = |(1.4)(0.287 kJ/kg K)(420 K)| 100M /S” | = 410.790 m/s 
1 kJ/kg 

and 

ig aa US esi 

c, 410.799 m/s 


From Table A-32 at this Mach number we read A; /A* = 1.7452. Thus the ratio of the throat area to the nozzle inlet area is 


A* 1 


= = 0.57300 = 0.573 
A 1.7452 


Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-61 Air enters a nozzle at specified temperature and pressure with low velocity. The exit pressure, exit temperature, and 
exit-to-inlet area ratio are to be determined for a Mach number of Ma = | at the exit. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 
Properties The specific heat ratio of air is k = 1.4. 


Analysis The properties of the fluid at the location where Ma = 1 are the critical 
roperties, denoted by superscript *. The stagnation temperature and pressure in this 
ey kag : y Sup P gn P ANO prossun O — ak — G 
case are identical to the inlet temperature and pressure since the inlet velocity is f 
negligible. They remain constant throughout the nozzle since the flow is isentropic. Vi~ 0 pee Ma=1 


To=T; =350K and P= P; =0.2 MPa 
From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma =1, we read T/T) =0.8333, P/P = 0.5283. 
Thus, 

T = 0.8333T = 0.8333(350 K) = 292 K 
and 

P =0.5283Pp = 0.5283(0.2 MPa) = 0.106 MPa 


The Mach number at the nozzle inlet is Ma = 0 since V;= 0. From Table A-32 at this Mach number we read Aj/A* = œ. 


F i . A* 1 
Thus the ratio of the throat area to the nozzle inlet area is ae ee 


i oO 


Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-62E Air enters a nozzle at specified temperature, pressure, and velocity. The exit pressure, exit temperature, and exit- 


to-inlet area ratio are to be determined for a Mach number of Ma = 1 at the exit. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4 and c, = 0.240 Btu/Ibm-R (Table A-2Ea). 


Analysis The properties of the fluid at the location where Ma =1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


V2 (450 ft/s)? 1 Btu/1bm 


To =T+—-- =630R+ z 
2 2x 0.240 Btu/lbm -R | 25,037 ft? /s 


) =646.9R 
Cp 


O — ar — G 


k I(k-1) 1.4/(1.4-1) 450 ft/s Ma= 1 
T, : . 
P, =P e) =(30 psia OOK) =32.9 psia AA 


630K 


l 
From Table A-32 (or from Eqs. 17-18 and 17-19) at Ma =1, we read T/T) =0.8333, P/Po = 0.5283. 
Thus, 
T = 0.8333 To = 0.8333(646.9 R) = 539 R 


and 
P = 0.5283Pp = 0.5283(32.9 psia) = 17.4 psia 
Also, 
27.2 
c; =VkRT ; = ,{(1.4)(0.06855 Btu/1bm - R)(630 R) ZONA OSES 1230 ft/s 
1Btu/1bm 
and 
V, 
May EE LE 
ci 1230ft/s 


From Table A-32 at this Mach number we read A/A* = 1.7426. Thus the ratio of the throat area to the nozzle inlet area is 


A* =i 


A 1.7426 


l 


0.574 


Discussion If we solve this problem using the relations for compressible isentropic flow, the results would be identical. 
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17-63 For subsonic flow at the inlet, the variation of pressure, velocity, and Mach number along the length of the nozzle are 
to be sketched for an ideal gas under specified conditions. 


Assumptions 1 The gas is an ideal gas. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The flow is choked at the throat. 


Analysis Using EES and CO; as the gas, we calculate and plot flow area A, 
velocity V, and Mach number Ma as the pressure drops from a stagnation value 
of 1400 kPa to 200 kPa. Note that the curve for A is related to the shape of the errr 
nozzle, with horizontal axis serving as the centerline. The EES equation window f) 

and the plot are shown below. 


I Ma;< 1 


k=1.289 

Cp=0.846 "kJ/kg.K" 
R=0.1889 "kJ/kg.K" 
PO=1400 "kPa" 


TO=473 "K" 

m=3 "kg/s" 

rho_0=P0/(R*T0) 

rho=P/(R*T) 

rho_norm=rho/rho_0 "Normalized density" 
T=T0*(P/P0)((k-1)/k) 

Tnorm=T/T0 "Normalized temperature" 
V=SQRT(2*Cp*(T0-T)* 1000) J 
V_norm=V/500 
A=m/(rho* V)*500 
C=SQRT(k*R*T*1000) 


= 0 
Mee 200 400 600 800 1000 1200 1400 


P, kPa 


A, Ma, V/500 


Ma 


Discussion We are assuming that the back pressure is sufficiently low that the flow is choked at the throat, and the flow 
downstream of the throat is supersonic without any shock waves. Mach number and velocity continue to rise right through 
the throat into the diverging portion of the nozzle, since the flow becomes supersonic. 
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17-64 We repeat the previous problem, but for supersonic flow at the inlet. The variation 
of pressure, velocity, and Mach number along the length of the nozzle are to be sketched 
for an ideal gas under specified conditions. 


Analysis Using EES and CO, as the gas, we calculate and plot flow area A, velocity V, and 
Mach number Ma as the pressure rises from 200 kPa at a very high velocity to the 
stagnation value of 1400 kPa. Note that the curve for A is related to the shape of the 
nozzle, with horizontal axis serving as the centerline. 


k=1.289 

Cp=0.846 "kJ/kg.K" 

R=0.1889 "kJ/kg.K" 

PO=1400 "kPa" 

A,m 

TO=473 "K" 

m=3 "kg/s" 

rho_0=P0/(R*T0) 

rho=P/(R*T) 

rho_norm=rho/rho_0 "Normalized density" 

T=TO*(P/P0)((k-1)/k) 

Tnorm=T/T0O "Normalized temperature" 

V=SQRT(2*Cp*(T0-T)* 1000) 

V_norm=V/500 

A=m/(rho* V)*500 

C=SQRT(k*R*T* 1000) 0 

Ma=V/C 200 400 600 800 1000 1200 1400 
P, kPa 


= 


A, Ma, V/500 


Ma 


Discussion Note that this problem is identical to the proceeding one, except the flow direction is reversed. In fact, when 
plotted like this, the plots are identical. 
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17-65 Nitrogen enters a converging-diverging nozzle at a given pressure. The critical velocity, pressure, temperature, and 
density in the nozzle are to be determined. 


Assumptions 1 Nitrogen is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 
Properties The properties of nitrogen are k= 1.4 and R = 0.2968 kJ/kg: K. 


Analysis The stagnation pressure in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle, 


P= P; =700 kPa Wieck 


To= T; =400 K N —~ 


Vi x0 ri T 
P i Pde iliii 
220 op DUSE = 5.896 kg/m? 


© RTo (0.2968 kPa-m°/kg-K)(400K) ©) 


Critical properties are those at a location where the Mach number is Ma = 1. From Table A-32 at Ma =1, we read T/To 
=0.8333, P/P, = 0.5283, and p/p = 0.6339. 


Po 


Then the critical properties become 

T* = 0.8333T» = 0.8333(400 K) = 333 K 

P* = 0.5283 P, = 0.5283(700 kPa) = 370 MPa 

p* = 0.6339 py = 0.6339(5.896 kg/m’) = 3.74 kg/m? 
Also, 


1000 m?/s” 


V* =c* = VkRT* = _|(1.4)(0.2968 kJ/kg -K)(333 a aE 
g 


=372 m/s 


Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 


17-66 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 2.4 is specified. The flow area 
where Ma = 1.2 is to be determined. 


Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 
Properties The specific heat ratio is given to be k = 1.4. 


Analysis The flow is assumed to be isentropic, and thus the stagnation and critical properties remain constant throughout 
the nozzle. The flow area at a location where Ma = 1.2 is determined using A /A* data from Table A-32 to be 


= 14.98 cm? 


A A 5 
EEES EE E ee 
A* 2.4031 2.4031 


A 
Ma, re = 1.0304 —> A, = (1.0304) A* = (1.0304)(14.98 cm?) =15.4 cm? 


Discussion We can also solve this problem using the relations for compressible isentropic flow. The results would be 
identical. 
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17-67 An ideal gas is flowing through a nozzle. The flow area at a location where Ma = 2.4 is specified. The flow area 
where Ma = 1.2 is to be determined. 


Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 


Analysis The flow is assumed to be isentropic, and thus the stagnation and critical properties remain constant throughout 
the nozzle. The flow area at a location where Ma; = 1.2 is determined using the A /A* relation, 


(k+1)/2(k-1) 
A 1l ( 2 Sime | 
A*®* Ma (k+l 2 


For k = 1.33 and Ma, = 2.4: 


2.33/2x0.33 
A, = 
PE ( 2 ps t24?) = 2.570 
A* 24 \\1.33+1 2 


_ A _ 36cm? 
2.570 2.570 


For k = 1.33 and Ma, = 1.2: 


2.33/2x0.33 
A z= 
Ban ( 2 prs t122) =1.0316 
A* 12 |\1.334+1 2 


A, = (1.0316)A* = (1.0316)(14.01cm?) = 14.45 cm? 


and 


* 


=14.01 cm? 


and 


Discussion Note that the compressible flow functions in Table A-32 are prepared for k = 1.4, and thus they cannot be used 
to solve this problem. 
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17-68E Air enters a converging-diverging nozzle at a specified temperature and pressure with low velocity. The pressure, 
temperature, velocity, and mass flow rate are to be calculated in the specified test section. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic. 
Properties The properties of air are k = 1.4 and R = 0.06855 Btu/lbm-R = 0.3704 psia-ft*/lbm-R. 


Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle since the flow is isentropic. 


Po= P; = 150 psia 


and Mies cheat 


To = T; = 100°F 560 R AIR ——> © 


Then, Vz 0 P iii im 


e i EE E OE 
2+(k—1)Ma* 2+(1.4-1)2? 


k(k-1) 1.4/0.4 
P, E ) = asopsiaf 22°) =19.1 psia 
0 


560 


P, 19.1 psia 


7 5 = 0.166 1bm/ft? 
RT, (0.3704 psia.ft*/Ibm-R)(311 R) 


Pe = 


The nozzle exit velocity can be determined from Ve = Ma,c, , where ce is the speed of sound at the exit conditions, 


25,037 ft? /s? 


V, = Maece =Ma,./kRT, =) fi.) 0068s Btu/Ibm-R)(311 vf | Btu/1b 
u/lbm 


) =1729 ft/s = 1730 ft/s 


Finally, 
m= p.AV, = (0. 166 1bm/ft*)(5 fÊ )(1729 ft/s) = 1435 Ibm/s = 1440 Ibm/s 


Discussion Air must be very dry in this application because the exit temperature of air is extremely low, and any moisture 
in the air will turn to ice particles. 
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17-69 D Air enters a converging nozzle at a specified temperature and pressure with low velocity. The exit pressure, the 
exit velocity, and the mass flow rate versus the back pressure are to be calculated and plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air are k = 1.4, R = 0.287 kJ/kg-K, and c, = 1.005 kJ/kg:K. 


Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. They 
remain constant throughout the nozzle since the flow is isentropic., 


Po=P; =900 kPa 


To= T; =400 K 
The critical pressure is determined to be @ — AR — © 
2 \ kD 2 \14/04 Vz 0 
P¥= n| ) = (900 Kray >] = 475.5 kPa 
k+1 14+1 


Then the pressure at the exit plane (throat) will be 
P, =P, for P, 2475.5 kPa 
P. = P* = 475.5 kPa for P, <475.5 kPa (choked flow) 


Thus the back pressure will not affect the flow when 100 < P, < 475.5 kPa. For a specified exit pressure P,, the 
temperature, the velocity and the mass flow rate can be determined from 


poe 0.4/1.4 
Temperature T, =T,)| == =(400 K = 
p e il ) ( f 900 


Po 
1000 m?/s? 
Velocity V = 2c, (To -Te ) = ,[2(1.005 kJ/kg - K)(400 - T, ) ——_—_ 
1 kJ/kg 
Density Po = c a C 
RT, (0.287 kPa-m°/kg- K)T, Ve 
Mass flowrate m = ,V,A, = p,V,(0.001m7) c 


The results of the calculations are tabulated as 


P, 
P»,kPa PẹkPa TeK Vems p,kgim® ñ kg/s tin 
900 900 400 0 7.840 0 
800 800 386.8 162.9 7.206 1.174 T pax 
700 700 372.3 236.0 6.551 1.546 
600 600 356.2 296.7 5.869 1.741 
500 500 338.2 352.4 5.151 1.815 p, 
475.5 475.5 333.3 366.2 4.971 1.820 100 475.5 900 kPa 
400 475.5 333.3 366.2 4.971 1.820 
300 475.5 333.3 366.2 4.971 1.820 
200 475.5 333.3 366.2 4.971 1.820 
100 475.5 333.3 366.2 4.971 1.820 


Discussion We see from the plots that once the flow is choked at a back pressure of 475.5 kPa, the mass flow rate remains 
constant regardless of how low the back pressure gets. 
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EES 
17-70 We are to reconsider the previous problem. Using EES (or other) software, we are to solve the problem for the 
inlet conditions of 0.8 MPa and 1200 K. 


Analysis Air at 800 kPa, 1200 K enters a converging nozzle with a negligible velocity. The throat area of the nozzle is 10 
cm2. Assuming isentropic flow, calculate and plot the exit pressure, the exit velocity, and the mass flow rate versus the 
back pressure P, for 0.8>= P, >=0.1 MPa. 


Procedure ExitPress(P_back,P_crit : P_exit, Condition$) 
If (P_back>=P_crit) then 
P_exit:=P_back "Unchoked Flow Condition" 
Condition$:="unchoked' 


else 
P_exit:=P_crit "Choked Flow Condition" 
Condition$:='choked' 

Endif 

End 

Gas$='Air' 


A_cm2=10 "Throat area, cm2" 
P_inlet =800"kPa" 

T_inlet= 1200"K" 

"P_back =422.7" "kPa" 


A_exit = A_cm2*Convert(cm’2,m‘2) 
C_p=specheat(Gas$,T=T_inlet) 

C_p-C_v=R 

k=C_p/C_v 

M=MOLARMASS(Gas$) "Molar mass of Gas$" 
R= 8.314/M "Gas constant for Gas$" 


"Since the inlet velocity is negligible, the stagnation temperature = T_inlet; 
and, since the nozzle is isentropic, the stagnation pressure = P_ inlet." 


P_o=P_inlet "Stagnation pressure" 

T_o=T_inlet "Stagnation temperature" 

P crit /P_o=(2/(k+1))(k/(k-1)) "Critical pressure from Eq. 16-22" 
Call ExitPress(P_back,P_crit : P_exit, Condition$) 


T_exit /T_o=(P_exit/P_o)((k-1)/k)"Exit temperature for isentopic flow, K" 


V_exit “2/2=C_p*(T_o-T_exit)*1000 "Exit velocity, m/s" 
Rho_exit=P_exit/(R*T_exit) "Exit density, kg/m3" 


m_dot=Rho_exit*V_exit*A_exit "Nozzle mass flow rate, kg/s" 


"If you wish to redo the plots, hide the diagram window and remove the { } from 
the first 4 variables just under the procedure. Next set the desired range of 
back pressure in the parametric table. Finally, solve the table (F3). " 


The table of results and the corresponding plot are provided below. 
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EES SOLUTION 
A_cm2=10 P_crit=434.9 
A_exit=0.001 P_exit=434.9 
Condition$='choked' P_inlet=800 
C_p=1.208 P_o=800 
C_v=0.9211 R=0.287 
Gas$="'Air' Rho_exit=1.459 
k=1.312 T_exit=1038 
M=28.97 T_inlet=1200 
m_dot=0.9124 T_0=1200 
P_back=422.7 V_exit=625.2 
PhaadkPa] Pexit [kPa] V exit [m/ s] m [kg/ s] T exit [K] 
100 434.9 625.2 0.9124 1038 
200 434.9 625.2 0.9124 1038 
300 434.9 625.2 0.9124 1038 
400 434.9 625.2 0.9124 1038 
422.7 434.9 625.2 0.9124 1038 
500 500 553.5 0.8984 1073 
600 600 437.7 0.8164 1121 
700 700 300.9 0.6313 1163 
800 800 0.001523 0.000003538 1200 


m (kg/s) 


100 200 


300 


400 500 600 700 800 
Ppack (kPa) 


Pexit [kg/ m’] 
1.459 
1.459 
1.459 
1.459 
1.459 
1.623 
1.865 
2.098 
2.323 
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800 


750 


700 


650 


600 


Pexit (kPa) 


550 


500 


450 


400 — . . . . . 
100 200 300 400 500 600 700 800 


Phack (kPa) 


Vexit (m/s) 


100 200 300 400 500 600 700 800 
Phack (kPa) 


Discussion We see from the plot that once the flow is choked at a back pressure of 422.7 kPa, the mass flow rate remains 
constant regardless of how low the back pressure gets. 
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Shock Waves and Expansion Waves 


17-71C No, because the flow must be supersonic before a shock wave can occur. The flow in the converging section of a 
nozzle is always subsonic. 


Discussion A normal shock (if it is to occur) would occur in the supersonic (diverging) section of the nozzle. 


17-72C The Fanno line represents the states that satisfy the conservation of mass and energy equations. The Rayleigh 
line represents the states that satisfy the conservation of mass and momentum equations. The intersections points of 
these lines represent the states that satisfy the conservation of mass, energy, and momentum equations. 


Discussion T-s diagrams are quite helpful in understanding these kinds of flows. 


17-73C No, the second law of thermodynamics requires the flow after the shock to be subsonic. 


Discussion A normal shock wave always goes from supersonic to subsonic in the flow direction. 


17-74C (a) velocity decreases, (b) static temperature increases, (c) stagnation temperature remains the same, (d) 
static pressure increases, and (e) stagnation pressure decreases. 


Discussion In addition, the Mach number goes from supersonic (Ma > 1) to subsonic (Ma < 1). 


17-75C Oblique shocks occur when a gas flowing at supersonic speeds strikes a flat or inclined surface. Normal shock 
waves are perpendicular to flow whereas inclined shock waves, as the name implies, are typically inclined relative to the 
flow direction. Also, normal shocks form a straight line whereas oblique shocks can be straight or curved, depending on 
the surface geometry. 


Discussion In addition, while a normal shock must go from supersonic (Ma > 1) to subsonic (Ma < 1), the Mach number 
downstream of an oblique shock can be either supersonic or subsonic. 


17-76C Yes, the upstream flow has to be supersonic for an oblique shock to occur. No, the flow downstream of an oblique 
shock can be subsonic, sonic, and even supersonic. 


Discussion The latter is not true for normal shocks. For a normal shock, the flow must always go from supersonic (Ma > 1) 
to subsonic (Ma < 1). 


17-77C Yes, the claim is correct. Conversely, normal shocks can be thought of as special oblique shocks in which the 
shock angle is B= 7/2, or 90°. 


Discussion The component of flow in the direction normal to the oblique shock acts exactly like a normal shock. We can 
think of the flow parallel to the oblique shock as “going along for the ride” — it does not affect anything. 
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17-78C When the wedge half-angle dis greater than the maximum deflection angle Oyx, the shock becomes curved 
and detaches from the nose of the wedge, forming what is called a detached oblique shock or a bow wave. The numerical 


value of the shock angle at the nose is 2 = 90°. 


Discussion When is less than Omax, the oblique shock is attached to the nose. 


17-79C When supersonic flow impinges on a blunt body like the rounded nose of an aircraft, the wedge half-angle 6 at the 
nose is 90°, and an attached oblique shock cannot exist, regardless of Mach number. Therefore, a detached oblique shock 
must occur in front of all such blunt-nosed bodies, whether two-dimensional, axisymmetric, or fully three-dimensional. 


Discussion Since = 90° at the nose, ĝis always greater than nax, regardless of Ma or the shape of the rest of the body. 


17-80C The isentropic relations of ideal gases are not applicable for flows across (a) normal shock waves and (b) 
oblique shock waves, but they are applicable for flows across (c) Prandtl-Meyer expansion waves. 


Discussion Flow across any kind of shock wave involves irreversible losses — hence, it cannot be isentropic. 
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17-81 Air flowing through a nozzle experiences a normal shock. Various properties are to be calculated before and after the 
shock. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 


Properties The properties of air at room temperature are k= 1.4, R = 0.287 kJ/kg:K, and c, = 1.005 kJ/kg:K. 


Analysis The stagnation temperature and pressure before the shock are 


2 2 
1kJ/k shock 
Ty =T, + Vi -2054 (740 m/s) J/kg -4774K a 
265 2(1.005 kJ/kg - K) (1000 m? / s? an dr 
kk-1) 1.4/(1.4-1) AIR —— > 
T, 
Pi = P| -asaf ZAK) =347.0 kPa © @ 
T, 205K IM 


The velocity and the Mach number before the shock are determined from 


D 
c, = JkRT, = _[(1.4)(0.287 kJ/kg - K)(205K)| 200m /S” | _ 287.0 mis 
lkJ/kg 
and 
Ma, _“__740m/s__4 578 
c, 287.0 m/s 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Ma; = 2.578 we read (We obtained the following values using analytical relations in Table A-33.) 
P, P. T. 

—2 =9.0349, —=7.5871, and —=2.2158 

Pi P, Tı 


Ma, =0.5058, 


Then the stagnation pressure Po , static pressure P, , and static temperature T, , are determined to be 
Po = 9.0349P, = (9.0349)(18 kPa) = 162.6 kPa 
P2 = 7.5871P, = (7.5871)(18 kPa) = 136.6 kPa 
T = 2.2158T, = (2.2158)(205 K) = 454.2 K 


The air velocity after the shock can be determined from V = Mayc., where cz is the speed of sound at the exit conditions 
after the shock, 


1000 m° /s? 


V, =Ma,c, = Ma, KRT, = (0.5058) [assoae kJ/kg.K)(454.2 rf nae 


| =216.1 m/s 


Discussion This problem could also be solved using the relations for compressible flow and normal shock functions. The 
results would be identical. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-42 
17-82 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 


Properties The properties of air at room temperature are R = 0.287 kJ/kg-K and c, = 1.005 kJ/kg-K. 
Analysis The entropy change across the shock is determined to be 


T, P. 
S,—-S, =C) In =- R In = 
1 P, 
= (1.005 kJ/kg -K)In(2.2158) — (0.287 kJ/kg : K)In(7.5871) 


= 0.2180 kJ/kg-K 


Discussion A shock wave is a highly dissipative process, and the entropy generation is large during shock waves. 
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17-83 Air flowing through a converging-diverging nozzle experiences a normal shock at the exit. The effect of the shock 
wave on various properties is to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic before the shock occurs. 3 The shock wave occurs at the exit plane. 


Properties The properties of air are k = 1.4 and R = 0.287 kJ/kg:-K. 


Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Then, 


Po, =P; = ] MPa Shock 


Toi = T; = 300 K Wina ae 
Then, © AIR — >» O ©) 


2 2 Yie0 qm m 
T, =Ta| ————— |=60K) ——~—— |=139.4K fo 
2+(1.4-1)24 


2+(k-1)Ma; 


and 


k (k-1) 1.4/0.4 

T, 

r =r 2) -a mea 24) -0.06840 MPa 
0 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Ma, = 2.4 we read 


Ma, =0.5231=0.523, fo =0.5401, B =6.5533, and L = 2.0403 
01 P T, 
Then the stagnation pressure Po, static pressure P3, and static temperature T>, are determined to be 
Po = 0.5401Po; = (0.5401)(1.0 MPa) = 0.540 MPa = 540 kPa 
P- = 6.5533P, = (6.5533)(0.06840 MPa) = 0.448 MPa = 448 kPa 
T, = 2.0403T, = (2.0403)(139.4 K) = 284 K 


The air velocity after the shock can be determined from V = Mayc, where cz is the speed of sound at the exit conditions 
after the shock, 


1000 m? /s? 


=177 m/s 
lkJ/kg 


V = Mac = Ma, /kRT, = (0.5231) k 4)(0.287 kJ/kg -K)(284 rf 


Discussion We can also solve this problem using the relations for normal shock functions. The results would be identical. 
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17-84 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 3 The shock wave occurs at the exit plane. 


Analysis The inlet stagnation pressure in this case is identical to the inlet pressure since the inlet velocity is negligible. 
Since the flow before the shock to be isentropic, 


Po, = P; =2 MPa shock 
š § = Miia a wave 
It is specified that A/A* =3.5. From Table A-32, Mach number and the L 
pressure ratio which corresponds to this area ratio are the Ma; =2.80 © AIR © © 
and P,/Po; = 0.0368. The pressure ratio across the shock for this Ma; ee 


value is, from Table A-33, P/P, = 8.98. Thus the back pressure, i erm 
which is equal to the static pressure at the nozzle exit, must be 


P, =8.98P, = 8.98x0.0368Po; = 8.98x0.0368x(2 MPa) = 0.661 MPa 


P, 


Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 


17-85 Air enters a converging-diverging nozzle at a specified state. The required back pressure that produces a normal 
shock at the exit plane is to be determined for the specified nozzle geometry. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the 
shock occurs. 


Analysis The inlet stagnation pressure in this case is identical to the inlet pressure since the inlet velocity is negligible. 
Since the flow before the shock to be isentropic, 


Pox= P; =2 MPa shock 


It is specified that A/A* = 2. From Table A-32, the Mach number and CT a y WANE 


the pressure ratio which corresponds to this area ratio are the Ma; 


=2.20 and P,/Py; = 0.0935. The pressure ratio across the shock for this © AR ———» © © 
M; value is, from Table A-33, P/P, = 5.48. Thus the back pressure, V,~0 _— in 
which is equal to the static pressure at the nozzle exit, must be P i P, 


P2 =5.48P; = 5.48x0.0935Po = 5.48x0.0935x(2 MPa) = 1.02 MPa 


Discussion We can also solve this problem using the relations for compressible flow and normal shock functions. The 
results would be identical. 
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17-86 Air flowing through a nozzle experiences a normal shock. The effect of the shock wave on various properties is to 
be determined. Analysis is to be repeated for helium under the same conditions. 


Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 


Properties The properties of air are k = 1.4 and R = 0.287 kJ/kg:K, and the properties of helium are k = 1.667 and R = 
2.0769 kJ/kg-K. 


Analysis The air properties upstream the shock are shock 


Ma, = 3.2, P, = 58 kPa, and T, = 270 K Nuun J wave 


Fluid properties after the shock (denoted by subscript 2) are related to those © AIR A © ©) 
before the shock through the functions in Table A-33. For Ma, = 3.2, 


Po P. T. i N Ma, = 3.2 
Ma, =0.4643,  =13.656,  =11.780, and = 2.9220 
P, P, T; 


We obtained these values using analytical relations in Table A-33. Then the stagnation pressure Poz, static pressure P}, and 
static temperature T>, are determined to be 


Py = 13.656P, = (13.656)(58 kPa) = 792.0 kPa 
P, = 11.780P; = (11.780)(58 kPa) = 683.2 kPa 
T, = 2.9220T, = (2.9220)(270 K) = 788.9 K 


The air velocity after the shock can be determined from V = Mayc>, where cz is the speed of sound at the exit conditions 
after the shock, 


2 2 
V, =Ma,c, =Ma,,/kRT, = (0.4643) [(1.4)(0.287 kJ/kg - K)(788.9 wf oon) =261.4 m/s 
g 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


1+ 1.667 x 0.51367 


2 1/2 2 1/2 
_( Ma2+24k-1)) (3.22 +2/0.667-0 ae 
2Ma?k K(k 1) —1 23.2? 1.667 /(1.667 1) -1 l 
2 2 
Pa le kMaj __141.667%32 yy s5] 
P, 1+kMa? 1+1.667x 0.5136 
T, 1l+Maf(k-1)/2_ 1+3.27(1.667-1)/2 Sioe 
T, 1+Maz(k—1)/2 1+0.5136°(1.667-1)/2 ` 
Py _{ 1+kMaz; - 
on | EO 4 -1Ma3/2) 
P 1+ kMa; 
2 
-| EPO Ji. yxosnast 2)" m1545 


Thus, Po: = 15.495P; = (15.495)(58 kPa) = 898.7 kPa 
P, = 12.551P; = (12.551)(58 kPa) = 728.0 kPa 
T, = 4.0580T, = (4.0580)(270 K) = 1096 K 


1000m? /s? 


=1000 m/s 
1kJ/kg 


V, =Ma,c, =May,/kRT, =(0.5136) [esnea kJ/kg -K)(1096 wf 


Discussion The velocity and Mach number are higher for helium than for air due to the different values of k and R. 
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17-87 Air flowing through a nozzle experiences a normal shock. The entropy change of air across the normal shock wave is 
to be determined. 


Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 


Properties The properties of air are R = 0.287 kJ/kg-K and c, = 1.005 kJ/kg:K, and the properties of helium are R = 2.0769 
kJ/kg-K and c, = 5.1926 kJ/kg:K. 


Analysis The entropy change across the shock is determined to be 


T, 


S,—-S, =C, In 


P 
3 Rin = = (1.005 kJ/kg -K)In(2.9220) - (0.287 kJ/kg K)In(11.780) = 0.370 kJ/kg -K 


1 1 
For helium, the entropy change across the shock is determined to be 
T. P. 
S3 -51 =C} In -R n = (5.1926 kJ/kg - K)In(4.0580) - (2.0769 kJ/kg : K)ln(12.551) = 2.02 kJ/kg -K 
1 1 


Discussion Note that shock wave is a highly dissipative process, and the entropy generation is large during shock waves. 
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17-88E D Air flowing through a nozzle experiences a normal shock. Effect of the shock wave on various properties is 
to be determined. Analysis is to be repeated for helium 


Assumptions 1 Air and helium are ideal gases with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic before the shock occurs. 


Properties The properties of air are k = 1.4 and R = 0.06855 Btu/lbm:R, and the properties of helium are k = 1.667 and R = 
0.4961 Btu/lbm-R. 


Analysis The air properties upstream the shock are shock 


Ma; =2.5, P; = 10 psia, and T, = 440.5 R Wia ua y wave 


Fluid properties after the shock (denoted by subscript 2) are related to those © AIR © © 
before the shock through the functions listed in Table A-33. For Ma; = 2.5, 


P P T. m N Ma =2.5 
Ma, =0.513, -> = 8.5262, == 7.125, and 7 = 21375 | i 


1 1 1 
Then the stagnation pressure Po, static pressure P,, and static temperature T>, are determined to be 
Po = 8.5262P, = (8.5262)(10 psia) = 85.3 psia 
P, =7.125P, =(7.125)(10 psia) = 71.3 psia 
T =2.1375T, = (2.1375)(440.5 R) = 942 R 


The air velocity after the shock can be determined from V, = Ma,c., where c, is the speed of sound at the exit conditions 
after the shock, 


25,037 ft? /s? 
1 Btu/lbm 


V, = Ma,c, = Ma, JkRT, = (0.513) [osroass Btu/1bm- R)(941.6 Rl =772 ft/s 


We now repeat the analysis for helium. This time we cannot use the tabulated values in Table A-33 since k is not 1.4. 
Therefore, we have to calculate the desired quantities using the analytical relations, 


Ma? +2/(k—1) ee 2.5? +2/(1.667 —1) a 
Ma, = l = - H =0.553 
2Ma;k /(k -1)-1 2x2.5° x1.667/(1.667-1)—1 


P, l+kMa? 1+1.667x2.5° 


L > = 7.5632 
P, 1+kMa> 1+1.667x0.553 


T, 1+Ma?(k-1)/2_  1+2.5°(1.667—1)/2 


l > = 2.7989 
T, 1+Mał2(k-1)/2 1+0.553?(1.667-1)/2 


P _ G kMa; pea 


f 1+kMa}3 


1+(k—1)Ma3 /2 
P, | ( )Ma > 


‘al /0.667 


2 
-Í 1+1.667x2.5 skij 


Sr a] + (1.667 — 1) x 0.5537 /2 
+1. x0. 


Thus, Po = 11.546P, = (11.546)(10 psia) = 115 psia 
P, = 7.5632P, = (7.5632)(10 psia) = 75.6 psia 
T, = 2.7989T, = (2.7989)(440.5 R) = 1233 R 


25,037 ft? /s? 
1 Btu/1bm 


V, =Ma,c, =Ma,.JkRT, = (0.553) [esenessisuinmrazss Rl = 2794 ft/s 


Discussion This problem could also be solved using the relations for compressible flow and normal shock functions. The 
results would be identical. 
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> 
17-89E We are to reconsider Prob. 17-88E. Using EES (or other) software, we are to study the effects of both air and 
helium flowing steadily in a nozzle when there is a normal shock at a Mach number in the range 2 < Mx < 3.5. In addition 
to the required information, we are to calculate the entropy change of the air and helium across the normal shock, and 
tabulate the results in a parametric table. 


Analysis We use EES to calculate the entropy change of the air and helium across the normal shock. The results are given 
in the Parametric Table for 2<M_ x <3.5. 


Procedure NormalShock(M_x,k:M_y,PyOPx, TyOTx,RhoyORhox, PoyOPox, PoyOPx) 
IfM x< 1 Then 
M _y = -1000;PyOPx=-1000;TyOTx=-1000;RhoyORhox=-1000 
PoyOPox=-1000;PoyOPx=-1000 
else 
M_y=sqrt( (M_x^2+2/(k-1)) / (2*M_x^2*k/(k-1)-1) ) 
PyOPx=(1+k*M_x^2)/(1+k*M_y^2) 
TyOTx=( 1+M_x^2*(k-1)/2 )(1+M_y^2*(k-1)/2 ) 
RhoyORhox=PyOPx/TyOTx 
PoyOPox=M _x/M_y*( (1+4M_y^2*(k-1)/2)/ (1+M_x^2*(k-1)/2) \^((k+1)/(2*(k-1))) 
PoyOPx=(1+k*M_x^2)*(1+M_y^2*(k-1)/2)^(k/(k-1))/(1+k*M_y^2) 
Endif 
End 


Function ExitPress(P_back,P_crit) 

If P_back>=P_crit then ExitPress:=P_back "Unchoked Flow Condition" 
If P_back<P_crit then ExitPress:=P_crit "Choked Flow Condition" 
End 


Procedure GetProp(Gas$:Cp,k,R) "Cp and k data are from Text Table A.2E" 
M=MOLARMASS(Gas$) "Molar mass of Gas$" 
R= 1545/M "Particular gas constant for Gas$, ft-Ibf/lbm-R" 
"k = Ratio of Cp to Cv" 
"Cp = Specific heat at constant pressure" 
if Gas$='Air' then 
Cp=0.24"Btu/Ibm-R"; k=1.4 
endif 
if Gas$='CO2' then 
Cp=0.203"Btu/Ibm_R"; k=1.289 
endif 
if Gas$='Helium' then 
Cp=1.25"Btu/Ibm-R"; k=1.667 
endif 
End 


"Variable Definitions:" 

"M = flow Mach Number" 

"P_ratio = P/P_o for compressible, isentropic flow" 

"T ratio = T/T_o for compressible, isentropic flow" 

"Rho_ratio= Rho/Rho_o for compressible, isentropic flow" 

"A _ratio=A/A* for compressible, isentropic flow" 

"Fluid properties before the shock are denoted with a subscript x" 

"Fluid properties after the shock are denoted with a subscript y" 

"M_y = Mach Number down stream of normal shock" 

"PyOverPx= P_y/P_x Pressue ratio across normal shock" 

"TyOverTx =T_y/T_x Temperature ratio across normal shock" 
"RhoyOverRhox=Rho_y/Rho_x Density ratio across normal shock" 
"PoyOverPox = P_oy/P_ox Stagantion pressure ratio across normal shock" 
"PoyOverPx = P_oy/P_x Stagnation pressure after normal shock ratioed to pressure before shock" 
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"Input Data" 

{P_x = 10 "psia"} 
{T_x = 440.5 "R"} 
{M _ x = 2.5} 
Gas$='Air' "This program has been written for the gases Air, CO2, and Helium" 
Call GetProp(Gas$:Cp,k,R) 


Call NormalShock(M_x,k:M_y,PyOverPx, TyOverTx,RhoyOverRhox, PoyOverPox, PoyOverPx) 
"Stagnation pressure after the shock" 
"Pressure after the shock" 
"Temperature after the shock" 


P_oy_air=P_x*PoyOverPx 
P_y_air=P_x*PyOverPx 
T_y_air=T_x*TyOverTx 


M_y_air=M_y 


"Values of P_x, T_x, and M _ x are set in the Parametric Table" 


"Mach number after the shock" 


"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 
C_y_air = sqrt(k*R"ft-lbf/Ibm_R"*T_y_air"R"*32.2 "Ibm-ft/Ibf-s*2") 
V_y_air=M _y_air*C_y air 


DELTAs _air=entropy(air,T=T_y_ air, P=P_y_air) -entropy(air, T=T_x,P=P_x) 


Gas2$="Helium' "Gas2$ can be either Helium or CO2" 
Call GetProp(Gas2$:Cp_2,k 2,R_2) 


Call NormalShock(M_x,k_2:M_y2,PyOverPx2, TyOverTx2,RhoyOverRhox2, PoyOverPox2, PoyOverPx2) 
"Stagnation pressure after the shock" 
"Pressure after the shock" 
"Temperature after the shock" 


P_oy_he=P_x*PoyOverPx2 
P_y_ he=P_x*PyOverPx2 
T_y_he=T_x*TyOverTx2 


M y he=M_y2 


"Mach number after the shock" 


"The velocity after the shock can be found from the product of the Mach number and 
speed of sound after the shock." 
C_y_he=sqrt(k_2*R_2"ft-lbf/lbm_R"*T_y_ he"R"*32.2 "Ibm-ft/lbf-s^2") 
V_y_he=M y he*C y he 


DELTAs _he=entropy(helium,T=T_y he, P=P_y_he) -entropy(helium,T=T_x,P=P_x) 


The parametric table and the corresponding plots are shown below. 


\Vy,he [Vy air ITy he ITy air Ty Py he Py air Px Poy,he Poy,air IMy,he My air Mx Ashe 
[ft/s] [ft/s] [R] [R] [R] [psia] [psia] [psia] [psia] [psia] [Btu/lbm- 
R] 

2644 1771.9 915.6 1743.3 440.5 47.5 45 10 163.46 56.4 0.607 (0.57742 10.1345 
2707 1767.1 |1066 837.6 1440.5 160.79 [57.4 |10 (79.01 [70.02 10.5759 (0.5406 2.25 0.2011 
2795 1771.9 |1233 941.6 440.5 175.63 71.25 [10 96.41 [85.26 0.553 0.513 2.5 0.2728 
3022 |800.4 11616 [1180 440.5 /110 1103.3 |10 136.7 [120.6 (0.5223 (0.4752 B 10.4223 
3292 |845.4 2066 |1460 440.5 {150.6 {141.3 |10 184.5 {162.4 (0.5032 (0.4512 3.5 0.5711 


Mach Number After Shock vs M, 


Helium 
> 
= 
Air 
1 i i i fi 1 fi 1 i 1 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 
M 
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Entropy Change Across Shock vs M, 
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Discussion In all cases, regardless of the fluid or the Mach number, entropy increases across a shock wave. This is because 
a shock wave involves irreversibilities. 
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17-90 For an ideal gas flowing through a normal shock, a relation for V/V; in terms of k, May, and May is to be developed. 


Analysis The conservation of mass relation across the shock is oV, = V> and it can be expressed as 


V _ Pr _ R/R (PD 

Vi Po P/R P, AT 
From Eqs. 17-35 and 17-38, 
V, tered iMi) 


V, \1+kMa? J\1+Ma3(k-1)/2 


Discussion This is an important relation as it enables us to determine the velocity ratio across a normal shock when the 
Mach numbers before and after the shock are known. 


EES 


17-91 The entropy change of air across the shock for upstream Mach numbers between 0.5 and 1.5 is to be 
determined and plotted. 


Assumptions 1 Air is an ideal gas. 2 Flow through the nozzle is steady, one-dimensional, and isentropic before the shock 
occurs. 


Properties The properties of air are k = 1.4, R = 0.287 kJ/kg-K, and c, = 1.005 kJ/kg:K. 


Analysis The entropy change across the shock is determined to be 


T: P. 
S$. — $= Cp In Rinz 
1 1 


where 


/ 
_( Ma?+2M(k-1) \ ° P, 14kMa? ang T Jt Mah(k-1)/2 
? | 2Ma?k/(k-1)-1 P, 1l+kMał?’° T, 1+Maĉ?(k-1)/2 


The results of the calculations can be tabulated as 


Ma, Ma, T/T; P/P; So - S1 
0.5 2.6458 0.1250 0.4375 -1.853 
0.6 1.8778 0.2533 0.6287 -1.247 
0.7 1.5031 0.4050 0.7563 -0.828 
0.8 1.2731 0.5800 0.8519 -0.501 
0.9 1.1154 0.7783 0.9305 -0.231 
1.0 1.0000 1.0000 1.0000 0.0 

1.1 0.9118 1.0649 1.2450 0.0003 
1.2 0.8422 1.1280 1.5133 0.0021 
1.3 0.7860 1.1909 1.8050 0.0061 
1.4 0.7397 1.2547 2.1200 0.0124 
1.5 0.7011 1.3202 2.4583 0.0210 


Discussion The total entropy change is negative for upstream Mach numbers Ma; less than unity. Therefore, normal shocks 
cannot occur when Ma, < 1. 
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17-92 Supersonic airflow approaches the nose of a two-dimensional wedge and undergoes a straight oblique shock. For a 
specified Mach number, the minimum shock angle and the maximum deflection angle are to be determined. 


Assumptions Air is an ideal gas with a constant specific heat ratio of k 
= 1.4 (so that Fig. 17-41 is applicable). 


Analysis For Ma = 5, we read from Fig. 17-41 
Minimum shock (or wave) angle: Bnin =12° 
Maximum deflection (or turning) angle: Omax = 41.5° 


Discussion Note that the minimum shock angle decreases and the 


maximum deflection angle increases with increasing Mach number May. 


Oblique 
shock 
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17-93E Air flowing at a specified supersonic Mach number is forced to undergo a compression turn (an oblique shock)., 
The Mach number, pressure, and temperature downstream of the oblique shock are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very 
thin. 3 Air is an ideal gas with constant specific heats. Weak 
shock 


Properties The specific heat ratio of air is k = 1.4. Ma, 


Analysis On the basis of Assumption #2, we take the deflection angle as equal to 
the wedge half-angle, i.e., 9» = 15°. Then the two values of oblique shock -- Cee eee 
angle fare determined from 


XMa? sin? B—1)/t 2 n2 p 
(Ma; sin^ 2 -1)/tan 2 tan 15° = 22 sin^ 6-1)/tan 2 


tan 0 = 3 3 
Ma; (k +cos28)+2 2° (1.4+cos2f)+2 


which is implicit in 2. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
Beak = 45.34° and Barong = 79.83°. Then the upstream “normal” Mach number Ma; „ becomes 


Weak shock: Ma,,, = Ma, sin 2 = 2sin 45.34° = 1.423 
Strong shock: Ma; = Ma, sin 2 = 2sin 79.83° = 1.969 B 
strong 


Also, the downstream normal Mach numbers Maz „ become Ma, 


k-1)Ma?. +2 1.4—1)(1.423)? +2 ee ee i 
Weak shock: Ma,, = = ie [eA X 2 z = 0.7304 
i 2kMa;,, —k +1 2(1.4)(1.423)° -1.4+1 
k-1)Ma;,, +2 1.4-1)(1.969)* +2 
Strong shock: Ma,, = a = a = 0.5828 
: 2kMa;, —k+1 2(1.4)(1.969)* —1.4+1 


The downstream pressure and temperature for each case are determined to be 


2kMa;, ~k+1 R 2(1.4)(1.423)? -1.441 


Weak shock: P, =P, 6 psia = 13.2 psia 
ai k+1 (6 psia) 1.4+1 P 
P P, 2+(k-1)Ma? 13.2 psia 2+ (1.4-—1)(1.423)? 
papa E a2 aon ea EA DE) oR 
P, p2 P, (k+1)Ma;, 6psia (1.4+1)(1.423) 
2kMa?,-k+1 4)(1.969)? -1.4+1 
Strong shock: P, =P, a = (6 psia) ae IAA agi psia 
k+1 1.4+1 
P P, 2+(k-1)Ma? 26.1psia 2+ (1.4—1)(1.969) 
| ee 42-72 ia = = (480 R) eee = =798R 
P, p2 P, (k+1)Ma;, 6psia (1.4+1)(1.969) 
The downstream Mach number is determined to be 
Ma 
Weak shock: Ma, =— aE - ease =1.45 
sin(B-—@)  sin(45.34°-—15°) 
Ma 
Strong shock: Ma, m ~ = 0.644 


~ sin(B—O) _ sin(79.83°— 15°) 


Discussion Note that the change in Mach number, pressure, temperature across the strong shock are much greater than the 
changes across the weak shock, as expected. For both the weak and strong oblique shock cases, Ma; n is supersonic and 
Ma,,, is subsonic. However, May is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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17-94 Air flowing at a specified supersonic Mach number undergoes an expansion turn over a tilted wedge. The Mach 
number, pressure, and temperature downstream of the sudden expansion above the wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 


Properties The specific heat ratio of air is k = 1.4. 


Analysis On the basis of Assumption #2, the deflection angle is 
determined to be 0 ô= 25° - 10° = 15°. Then the upstream and 
downstream Prandtl-Meyer functions are determined to be 


v(Ma) = Kaf Knin D| tan( Ma? -1} 


k- k+1 
Upstream: 
v(Ma,) = Atf aT eatp |ant 424771) -3675 
A a+ 


Then the downstream Prandtl-Meyer function becomes 
v(Ma,) = 6+v(Ma, ) =15°+36.75° = 51.75° 


Now Ma, is found from the Prandtl-Meyer relation, which is now implicit: 


i 1.4-1 5 
Downstream: v(Ma,) = i H w(t -o |i (Jma; -1) =51.75° 


1 1.4+1 


It gives Ma, = 3.105. Then the downstream pressure and temperature are determined from the isentropic flow relations 


_Pr/Po y [+ Maz(k-D/270EY , _ f1+3.10570.4-D/27** og sepa 


P/P) © [1+Ma2(k—-p/2y7 4 € 42.42¢0.4-9/2) 4/4 
2h -1 2 _ -1 
PE 20s ak OET gE (1.4 2 (260 K) =191 K 
T/T, [1+ Ma? (k —1)/2] [1+ 2.4°(1.4-1)/2] 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 


Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 
analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 
www.aoe.vt.edu/~devenpor/aoe3 114/calc.html . 
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17-95 Air flowing at a specified supersonic Mach number undergoes a compression turn (an oblique shock) over a tilted 
wedge. The Mach number, pressure, and temperature downstream of the shock below the wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the 


wedge is very thin. 3 Air is an ideal gas with constant specific heats. Ma, =5 
—=———— 
Properties The specific heat ratio of air is k = 1.4. 
—=——— = 
Analysis On the basis of Assumption #2, the deflection angle is 
determined to be O~ = 25° + 10° = 35°. Then the two values of 


oblique shock angle 2 are determined from 


2(Ma? sin? B-1)/t A? sin? B- 
(Ma; sin“ 8 -1)/tan B : tan 12° = 204 sin^ B—-1)/tan B 


tan 0 = 3 > 
Ma; (k +cos28)+2 3.4°(1.4+cos28)+2 


which is implicit in Ø. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
Beak = 49.86° and Barong = 77.66°. Then for the case of strong oblique shock, the upstream “normal” Mach number Maj, 
becomes 


Ma; „ = Ma; sin f = 5sin 77.66° = 4.884 


Also, the downstream normal Mach numbers Maz „ become 


va (k-1)Maj, +2 | (1.4-1)(4.884)? +2 pies 
n 2kMa?,—k+1 Ņ\2(01.4)(4.884)? -1.4+1 ` 


The downstream pressure and temperature are determined to be 


2kMa?,-k+1 2(1.4)(4.884)? —1.4+1 


P, =P, = (70 kPa) =1940 kPa 
k+1 1.4+1 
P P, 2+(k-1)Maz i 4-1(4.884)2 
h-ra pP (k-1) i - (260K) 240 Pia 2+ (14 DAS Aisi 
P, p2 =P (k+1)Maj., 70kPa (1.4 +1)(4.884) 
The downstream Mach number is determined to be 
Ma 
” ga 0M6 jes 


~ sin(B—0) _ sin(77.66°—35°) 


Discussion Note that Ma; n» is supersonic and Ma; „ and Ma, are subsonic. Also note the huge rise in temperature and 
pressure across the strong oblique shock, and the challenges they present for spacecraft during reentering the earth’s 
atmosphere. 
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17-96E Air flowing at a specified supersonic Mach number is forced to turn upward by a ramp, and weak oblique shock 
forms. The wave angle, Mach number, pressure, and temperature after the shock are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 


— 
Properties The specific heat ratio of air is k = 1.4. Ma, 


Analysis On the basis of Assumption #2, we take the deflection angle 
as equal to the ramp, i.e., 9 ô= 8°. Then the two values of oblique 
shock angle 2 are determined from 


fe} 


XMa? sin? 8—1)/t PaO pi: 
(Ma; sin“ #-1)/tan B > tang _ 2(2° sin” B—1)/tan B 


tan 0 = 3 5 
Ma; (k+cos2f)+2 2°(1.4+cos28)+2 


which is implicit in Ø. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
Bweak = 37.21° and Berong = 85.05°. Then for the case of weak oblique shock, the upstream “normal” Mach number Ma; n 
becomes 


Ma; = Ma, sin 2 = 2sin37.21° = 1.209 


Also, the downstream normal Mach numbers Maz „ become 


‘a (k-1)Ma? +2 | (.4-1)(1.209)? +2 fee 
a n= = =U. 
n Y| 2kMa?,-k+1 \21.4\(1.209)?° -1.441 


The downstream pressure and temperature are determined to be 


2kMafn —k +1 _ 2(1.4)(1.209)* -1.4+1 


P,=P 12 psia = 18.5 psia 

i. k+1 pee) 1441 p 
P. P, 2+(k-1)Ma; 5psi 4- DA.209)2 

T-n an P (k —1) Bi oyp 20m aE i203) SERER 
P, po P, (k+)Maĵ, 12psia (1.4 +1)(1.209) 


The downstream Mach number is determined to be 


M 
Mae eg 74 


~ sin(B— 6) sin@7.21°—8°) _ 


Discussion Note that Ma,,, is supersonic and Ma; „ is subsonic. However, May is supersonic across the weak oblique shock 
(it is subsonic across the strong oblique shock). 
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17-97 Air flowing at a specified supersonic Mach number undergoes an expansion turn. The Mach number, pressure, and 
temperature downstream of the sudden expansion along a wall are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge 
is very thin. 3 Air is an ideal gas with constant specific heats. 


Ma, = 3.6 
— 


Properties The specific heat ratio of air is k = 1.4. 


Analysis On the basis of Assumption #2, we take the deflection angle Dy a Ma, 
as equal to the wedge half-angle, i.e., @x = 15°. Then the upstream WH £L __----------/----4-- 
and downstream Prandtl-Meyer functions are determined to be 


v(Ma) = ET sn eal D] tan( Ma? -1} 


k-1 k+l 
Upstream: 
v(Ma,) = At f 66 -D |an ( A3671) =60.09° 
4- A+ 


Then the downstream Prandtl-Meyer function becomes 


v(Ma,) = 6+v(Ma, ) =15°+60.09° = 75.09° 


Maz, is found from the Prandtl-Meyer relation, which is now implicit: 


1441. 4f [4-1 = 
Downstream: v(Ma,)= tan { J Ma3 D] tan '{ Maz -1 )=75.09° 
A a+ 


Solution of this implicit equation gives Ma, = 4.81. Then the downstream pressure and temperature are determined from the 
isentropic flow relations: 
p, Pe! Pop _ [l+Ma3(k-1/27*" 144.817 .4-1)/2y7 14/4 


= 40 kPa) = 8.31kPa 
P/P, © [+Ma?(k-)/27 "0! M36704- p/a 07 ) 


D/s [1+ Ma3(k-1)/2]"! m [+4.81 (1.4-1)/27! 


2 =H 5 — (280 K) =179 K 
Lit, [1+ Ma?(k-1)/2] [14+3:.6°0.4=1)/2] 


T, 


Note that this is an expansion, and Mach number increases while pressure and temperature decrease, as expected. 


Discussion There are compressible flow calculators on the Internet that solve these implicit equations that arise in the 
analysis of compressible flow, along with both normal and oblique shock equations; e.g., see 
www.aoe.vt.edu/~devenpor/aoe3 114/calc.html . 
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17-98 Air flowing at a specified supersonic Mach number impinges on a two-dimensional wedge, The shock angle, Mach 
number, and pressure downstream of the weak and strong oblique shock formed by a wedge are to be determined. 


Assumptions 1 The flow is steady. 2 The boundary layer on the wedge is very thin. 3 Air is an ideal gas with constant 
specific heats. 


Properties The specific heat ratio of air is k= 1.4. 
Analysis On the basis of Assumption #2, we take the deflection angle as equal to the wedge half-angle, i.e., 9» O= 8°. Then 
the two values of oblique shock angle 2 are determined from 
2(Ma; sin? B-1)/tan B ins _ 23.4’ sin? 6 -1)/tan B 
Ma; (k+cos2)+2 3.47(1.4 + cos2f) +2 


[e] 


tan 0 = 


which is implicit in 2. Therefore, we solve it by an iterative approach or with an equation solver such as EES. It gives 
weak = 23.15° and Brong = 87.45°. Then the upstream “normal” Mach number Ma; „ becomes 


Weak shock: Ma; „n = Ma, sin # = 3.4sin 23.15° =1.336 
Strong shock: Ma, = Ma, sin # = 3.4 sin 87.45° = 3.397 


Also, the downstream normal Mach numbers Ma; „ become 


k-1)Ma?,„ +2 = 2 
Weho Mink A ie a) +2 0.7681 
2kMa;, —k+1 \2(1.4)(1.336)* -1.4+1 
k-1)Ma?, +2 E 2 
Strong shock: Ma,, = ee 14-00-397) +2 0.4553 
i 2kMaf,-k+1 \2(1.4)(3.397)* -1.441 


The downstream pressure for each case is determined to be 


2kMa;,, —k +1 2 
Weak shock: Ren Ma —** pm O 141 kPa 
k+1 1.4+1 
2kMa;, —k +1 2 
Strong shock: P, =P, E e = (60 kPa) ——— MAI = 797.6 kPa 
+ A+ 


The downstream Mach number is determined to be 


Ma 
Weak shock: Ma, =— 7 =— ues) =2.94 
sin(B—0) sin(23.15°—8°) 


May, 0.4553 


=— - =0.463 
sin(B—@)  sin(87.45°- 8°) 


Strong shock: Ma, 


Discussion Note that the change in Mach number and pressure across the strong shock are much greater than the changes 
across the weak shock, as expected. For both the weak and strong oblique shock cases, Ma; n is supersonic and Ma), is 
subsonic. However, May is supersonic across the weak oblique shock, but subsonic across the strong oblique shock. 
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Duct Flow with Heat Transfer and Negligible Friction (Rayleigh Flow) 


17-99C The characteristic aspect of Rayleigh flow is its involvement of heat transfer. The main assumptions associated 
with Rayleigh flow are: the flow is steady, one-dimensional, and frictionless through a constant-area duct, and the fluid is 
an ideal gas with constant specific heats. 


Discussion Of course, there is no such thing as frictionless flow. It is better to say that frictional effects are negligible 
compared to the heating effects. 


17-100C The points on the Rayleigh line represent the states that satisfy the conservation of mass, momentum, and 
energy equations as well as the property relations for a given state. Therefore, for a given inlet state, the fluid cannot 
exist at any downstream state outside the Rayleigh line on a T-s diagram. 


Discussion The T-s diagram is quite useful, since any downstream state must lie on the Rayleigh line. 


17-101C In Rayleigh flow, the effect of heat gain is to increase the entropy of the fluid, and the effect of heat loss is to 
decrease the entropy. 


Discussion You should recall from thermodynamics that the entropy of a system can be lowered by removing heat. 


17-102C In Rayleigh flow, the stagnation temperature To always increases with heat transfer to the fluid, but the 
temperature T decreases with heat transfer in the Mach number range of 0.845 < Ma < 1 for air. Therefore, the 
temperature in this case will decrease. 


Discussion This at first seems counterintuitive, but if heat were not added, the temperature would drop even more if the air 
were accelerated isentropically from Ma = 0.92 to 0.95. 


17-103C Heating the fluid increases the flow velocity in subsonic Rayleigh flow, but decreases the flow velocity in 
supersonic Rayleigh flow. 


Discussion These results are not necessarily intuitive, but must be true in order to satisfy the conservation laws. 


17-104C The flow is choked, and thus the flow at the duct exit remains sonic. 


Discussion There is no mechanism for the flow to become supersonic in this case. 
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17-105 Fuel is burned in a tubular combustion chamber with compressed air. For a specified exit Mach number, the exit 
temperature and the rate of fuel consumption are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Combustion is 
complete, and it is treated as a heat addition process, with no change in the chemical composition of flow. 3 The increase in 
mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg:K. 


Analysis The inlet density and mass flow rate of air are Q 
ae Sa = 2.942 kg/m? 
RT, (0.287 kJ/kgK)(450 K) 
Moir = P1 Aq V; = (2.942 kg/m? )[7(0.16 m)? / 4](55 m/s) = 3.254 kg/s rere TUBE — 
= S i 
The stagnation temperature and Mach number at the inlet are EAM AE E | 
2 2 
fof tag ees WOE easier 
2c, 2x 1.005 kJ/kg - K (1000 m?/s? 
1000 m? /s* 
cı =4KRT, =,|(1.4)(0.287 kJ/kg - K)(450 K) ————— | = 425.2 m/s 
lkJ/kg 
Ma, “i __55m/8__ 9 1993 
c, 425.2 m/s 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34) (We used analytical 
functions): 


Ma; =0.1293:  T;ı/T” =0.09201,  Tə/T* = 0.07693, V/V“ = 0.03923 
Ma; = 0.8: T/T =1.0255,  Tp/T =0.9639, V/V“ = 0.8101 
The exit temperature, stagnation temperature, and velocity are determined to be 


T, T,/T* _ 1.0255 
T, T1,/T* 0.09201 


=11.146 > T,=11.146T, =11.146(450 K) = 5016 K 


Ty. T/T _ 0.9639 


- =12.530- Ty) =12.530Tp, =12.530(451.5 K) = 5658 K 
Toi T/T” 0.07693 


V> V,/V*_ 0.8101 
V, V,/V* 0.03923 


=20.650 — V, =20.650V, = 20.650(55 m/s) = 1136 m/s 


Then the mass flow rate of the fuel is determined to be 
q =c (To —To,) = (1.005 kJ/kg - K)(5658 — 451.5) K = 5232 kJ/kg 
Q = maq = (8.254 kg/s)(5232 kJ/kg) = 17,024 kW 


PON Q _ 17,024kI/s 
fel HV 39,000 kJ/kg 


= 0.4365 kg/s 


Discussion Note that both the temperature and velocity increase during this subsonic Rayleigh flow with heating, as 
expected. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-106 Air is heated in a duct during subsonic flow until it is choked. For specified pressure and velocity at the exit, the 
temperature, pressure, and velocity at the inlet are to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, cp = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Analysis Noting that sonic conditions exist at the exit, the exit temperature is 


q = 52 kJ/kg 
c> =V,/Ma, = (620 m/s)/1 = 620 m/s 
— P, ot Pa 270 kPa 
Cy = fKRT, > 1(1.4)(0.287 nke KL 1000/8" | — 600 mis To Var 620 m/s 
1kJ/kg = —>- 
Ma, i Mh,= 1 
It gives T, = 956.7 K. Then the exit stagnation temperature becomes pete ea eee 
Ve 2 i 1kJ/k 
Ty =T,+—2-= 956.7K + ee _( ee | =1148K 
2c 2x1.005 kJ/kg -K (1000 m2/s 


P 
The inlet stagnation temperature is, from the energy equation q =C, (Ty, —To1), 


52 kJ/kg 


— t _=1096K 
1.005 kJ/kg -K 


Ty =Ty 1 =1148K 
P 


The maximum value of stagnation temperature To occurs at Ma = 1, and its value in this case is Toz since the flow is 
choked. Therefore, To = Toz = 1148 K. Then the stagnation temperature ratio at the inlet, and the Mach number 
corresponding to it are, from Table A-34, 


T, 
= 1096K L09547 > + Ma, = 0.7792 = 0.779 
T) 1148K 
The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma; =0.7792: T/T” =1.022, P/P*= 1.297, V,/V" = 0.7877 
Ma, = 1: LT =1, P,/P” =1, V/V =1 


Then the inlet temperature, pressure, and velocity are determined to be 


T, T,/T* 1 
Ti T /T* 1.017 


> T, =1.022T, =1.022(956.7 K) =977.5K 


P, P/P% 1 


i > P, =1.319P, =1.297(270 kPa) = 350.3 kPa 
P, P /P* 1319 


V, V,/V* 
Le a —> V, =0.7877V, = 0.7877(620 m/s) = 488.4 m/s 
V, V,/V* 0.7719 


Discussion Note that the temperature and pressure decreases with heating during this subsonic Rayleigh flow while velocity 
increases. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-107E Air flowing with a subsonic velocity in a round duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the pressure drop are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 

Properties We take the properties of air to be k= 1.4, c, = 0.2400 Btu/Ibm-R, and R = 0.06855 Btu/lbm-R = 0.3704 
psia-ft'/Ibm-R. 

Analysis The inlet density and velocity of air are Q 


P; 30 psia 


Pı = F EET = 0.1012 Ibm/ft? P, = 30 psia 
RT, (0.3704 psia- ft?/Ibm - R)(800 R) T, = 800'R oe 
. I l 
v= — = 565.9 ft/s m=5 lbtn/s T, = 680 R 


~ piAn (0.1012 Ibm/ft?)fx(4/12 f9? /4] 


The stagnation temperature and Mach number at the inlet are 


y? 9 ft/s)? 
mene i gnr OY PAD 2) RETR 
2c, 2x 0.2400 Btu/lbm -R | 25,037 ft?/s? 


25,037 ft? /s? 
1 Btu/lbm 


cı =fkRT, = [oaos Btu/lbm - R)(800 r] ) = 1386 ft/s 


Vi _ 565.9 ft/s _ 
c, 1386 ft/s 


0.4082 


Ma, = 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma, = 0.4082: T/T" =0.6310, P,/P*= 1.946, To/To = 0.5434 
Ma = 1: tT =1, P,/P* =1, T/T =! 
Then the exit temperature, pressure, and stagnation temperature are determined to be 
T, T, /T* l 


- > T, =T, /0.6310 = (800R)/0.6310=1268R 
T, T /T* 0.6310 


P, P/P*_ 1 
P, P /P* 1.946 


> P, =P, / 2.272 = (30 psia) / 1.946 =15.4 psia 


T T/T 1 


- > Ty = To, /0.1743 = (826.7 R) / 0.5434 =1521 R 
Toi T/T" 0.5434 


Then the rate of heat transfer and the pressure drop become 


Q = titgir€ p (Tyr —To1) = (5 Ibm/s)(0.2400 Btu/Ibm - R)(1521-826.7) R = 834 Btu/s 


AP = P, —P, =30-15.4 = 14.6 psia 


Discussion Note that the entropy of air increases during this heating process, as expected. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-63 


EES 
17-108 Air flowing with a subsonic velocity in a duct. The variation of entropy with temperature is to be investigated 
as the exit temperature varies from 600 K to 5000 K in increments of 200 K. The results are to be tabulated and plotted. 


Analysis We solve this problem using EES making use of Rayleigh functions. The EES Equations window is printed below, 
along with the tabulated and plotted results. 


k=1.4 

cp=1.005 

R=0.287 

P1=350 

T1=600 

V1=70 

Cl=sqrt(k*R*T1*1000) 

Mal=V1/Cl 

TO1=T1*(1+0.5*(k-1)*Mal“2) 
PO1=P1*(1+0.5*(k-1)*Mal‘2)(k/(k-1)) 
F1=1+0.5*(k-1)*Mal%2 
TO1Ts=2*(k+1)*Mal%2*F1/(1+k*Mal’2)2 
POIPs=((1+k)/(1+k*Ma1“2))*(2*F1/(k+1))*(k/(k-1)) 
T1Ts=(Ma1*((1+k)/(1+k*Ma1^2)))^2 
P1Ps=(1+k)/(1+k*Ma1^2) 
V1Vs=Ma1^2*(1+k)/(1+k*Ma1^2) 
F2=1+0.5*(k-1)*Ma2^2 
TO2Ts=2*(k+1)*Ma2^2*F2/(1+k*Ma2^2)^2 
PO2Ps=((1+k)/(1+k*Ma2‘2))*(2*F2/(k+1))*(k/(k-1)) 
T2Ts=(Ma2*((1+k)/(1+k*Ma2‘2)))*2 
P2Ps=(1+k)/(1+k*Ma2‘2) 
V2Vs=Ma2*2*(1+k)/(1+k*Ma2‘2) 
T02=T02Ts/TO1Ts*TO1 
P02=P02Ps/P01Ps*PO1 

T2=T2Ts/TITs*T1 

P2=P2Ps/P1Ps*P1 

V2=V2Vs/V1Vs* V1 
Delta_s=cp*In(T2/T1)-R*In(P2/P 1) 
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Exit Mach 
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Exit entropy 
relative to inlet, 
So, kJ/kg: K 
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Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-109E Air flowing with a subsonic velocity in a square duct is accelerated by heating until the flow is choked at the exit. 
The rate of heat transfer and the entropy change are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The flow is 
choked at the duct exit. 3 Mass flow rate remains constant. 


Properties We take the properties of air to be k= 1.4, c, = 0.2400 Btu/Ibm-R, and R = 0.06855 Btu/lbm-R = 0.3704 

psia-ft'/Ibm-R. 

Analysis The inlet density and mass flow rate of air are Q 
T A = 0.3085 Ibm/ft? P, = 80 psia 

RT, (0.3704 psia- ft”/lbm - R)(700 R) T, = 700R 


Pı = 


Mair = P\AaV, = (0.3085 Ibom/ft? )(6 x 6/144 ft? (260 ft/s) =20.06lbm/s V; = 260' ft/s 


The stagnation temperature and Mach number at the inlet are ie 


v? (260 ft/s)? | 1Btu/lbm 


2c 2x 0.2400 Btu/lbm - R | 25,037 ft~/s 


= 705.6R 
p 


25,037 ft? /s? 
1 Btu/lbm 


cı =fkRT, = {o.svonses Btu/Ibm - R)(700 Rl l = 1297 ft/s 


Vi _ 260ft/s _ 
cı 1297 ft/s 


Ma, = 2005 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma; =0.2005: T/T” = 0.2075, P,/P°=2.272, To/Toọ = 0.1743 
Ma = 1: L/r =1, P,/P* =1, T/T, =1 
Then the exit temperature, pressure, and stagnation temperature are determined to be 
T, T,/T*_  ı 
T, T /T* 0.2075 


> T, =T, /0.2075 = (700 R) / 0.2075 = 3374R 


P, P/P" 1 
P, P /P* 2.272 


—> P, =P, /2.272 = (80 psia) / 2.272 = 35.2 psia 


Tyo T/T" 1 
Ty, To /T* 0.1743 


> Tya =T; /0.1743 = (705.6 R) / 0.1743 = 4048 R 


Then the rate of heat transfer and entropy change become 


Q = tigi p (Toz — Tp) = (20.06 Ibm/s)(0.2400 Btu/lbm - R)(4048 — 705.6) R =16,090 Btu/s 


T. P. 
As =c, In 2 — Rin 
T; P, 
2 psi 
3374R _ (0.96855 Btu/lbm. Ryn PS = 0.434 Btu/lbm-R 
psia 


= (0.2400 Btu/Ibm- R) In 
700R 


Discussion Note that the entropy of air increases during this heating process, as expected. 
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17-110 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg:K. 


Analysis The inlet stagnation temperature and pressure are 


ka TE Q = 200 KJ/s 
To -r(14 g Mai | = (50K (1445-102?) =554.4K 
k-1 TARA iA ai Tı=550K_comBusrTor Maz 
Pi -p(t Ma’ | = (600 kPa)(1++02") —————>, TUBE —> 
2 2 Ma, = 0.2 ' 
=617.0 kPa j i 


The exit stagnation temperature is determined from 
Q =mairC p(To T01) > 200KJ/s = (0.3 kg/s)(1.005 kJ/kg: K)(Tp — 554.4) K 


It gives 
To =1218K. 
At Ma, = 0.2 we read from Tp;/Ty = 0.1736 (Table A-34). Therefore, 


rt- Toa _ 5544K 
0 0.1736 0.1736 


=3193.5K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 
- - 218K 03814 -> Ma = 0.3187 = 0.319 
Tg 3193.5K 
Also, 
Ma, = 0.2 > Po/Po = 1.2346 


Ma, = 0.3187 — Po/Po = 1.191 
Then the stagnation pressure at the exit and the pressure drop become 


Py Py /Py _ 1.191 
Py, P/P) 1.2346 


=0.9647 —> Py =0.9647P,, = 0.9647(617 kPa) = 595.2 kPa 


and 


AP, = Py, -Py =617.0-595.2 = 21.8 kPa 


Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-111 Air enters the combustion chamber of a gas turbine at a subsonic velocity. For a specified rate of heat transfer, the 
Mach number at the exit and the loss in stagnation pressure to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 The cross- 
sectional area of the combustion chamber is constant. 3 The increase in mass flow rate due to fuel injection is disregarded. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg:K. 


Analysis The inlet stagnation temperature and pressure are 


neq Pe Q =300 kJ/s 
Ti -r(14 : Mai | = (50K (1+45-102*) = 554.4K 
k-1 TARA iA ai T,=550'K cowypustor Ma 
Pi -p(t Ma’ | = (600 kPa)(1++02") ——— >>, TUBE —}> 
A : Ma; = 0.2 
= 617.0 kPa i 


The exit stagnation temperature is determined from 
Q = arC p (Toa -T1) > 300 KJ/s = (0.3 kg/s)(1.005 kJ/kg- K)(To — 554.4) K 


It gives 
To = 1549 K. 
At Ma, = 0.2 we read from Tp)/Ty = 0.1736 (Table A-34). Therefore, 


pt- Toa _ 5544K 
0 0.1736 0.1736 


=3193.5K 


Then the stagnation temperature ratio at the exit and the Mach number corresponding to it are (Table A-34) 


T, 
2 a PE a =} Ma, = 0.3753 = 0.375 
Tg  3193.5K 
Also, 
Ma, = 0.2 —> Po/Po = 1.2346 


May =0.3753 > Po/Po = 1.167 
Then the stagnation pressure at the exit and the pressure drop become 


Por _ Pop /Py _ 1.167 
Py, P/P) 1.2346 


=0.9452 —> Py, =0.9452P,, =0.9452(617 kPa) = 583.3 kPa 


and 


AP, = Py, — Py = 617.0 -583.3 = 33.7 kPa 


Discussion This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-112 Fuel is burned in a rectangular duct with compressed air. For specified heat transfer, the exit temperature and Mach 
number are to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, cp = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Analysis The stagnation temperature and Mach number at the inlet are 


1000 m? /s? ao E 

ci = JkRT, = |(1.4)(0.287 kI/kg -K)(300 K) ——m _/5_| = 347.2 m/s n 

1 kJ/kg P, =420 kP4 
V, =Ma,c, = 2(347.2 m/s) = 694.4 m/s AEAT i [Ma 
——>' = 

v? (694.4 m/s)? 1 kJ/k Masa 

Toa =T, +—— =300K + ; | = z]=539.9K A 

26, 2x1.005 kJ/kg -K \ 1000 m“/s 


The exit stagnation temperature is, from the energy equation q =c p (To) —To1), 


55 kJ/kg 


——_——— =594.6K 
1.005 kJ/kg -K 


Ty =T; +- =539.9 K + 
Cp 


The maximum value of stagnation temperature Ty occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Ma, = 2 we read To1/To = 0.7934. Therefore, 
* Toi 539.9K 
To = = 

0.7934 0.7934 


= 680.5K 


The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


T 
“= 5946K 0.8738 > Ma, = 1.642 = 1.64 
Tg  680.5K 
Also, 
Ma, =2 > T/T =0.5289 


Ma, = 1.642 > T/T =0.6812 


Then the exit temperature becomes 


Tə T,/T* 0.6812 


-= 1.288 —> T, =1.288T, = 1.288(300 K) = 386 K 
T, T,/T 0.5289 


Discussion Note that the temperature increases during this supersonic Rayleigh flow with heating. This problem can also be 
solved using appropriate relations instead of tabulated values, which can likewise be coded for convenient computer 
solutions. 
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17-113 Compressed air is cooled as it flows in a rectangular duct. For specified heat rejection, the exit temperature and 
Mach number are to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, cp = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K. 


Analysis The stagnation temperature and Mach number at the inlet are 


2742 S 
ose = [osoa kJ/kg  K)(300 ofm =347.2 m/s q= -55 kJ/kg 
g ba 1 
P, = 420 kPa! 
Vi =Ma,c, = 2(347.2 m/s) = 694.4 m/s T;=300K | 'T,, May 
v? 694.4 m/s)? LkJ/k: 3 
Ty =T +- ==300K 4 (694.4 m/s) í g )=5399K Ma, =2 | 
2c 2x1.005 kJ/kg -K (1000 m2/s es oe eee 


p 
The exit stagnation temperature is, from the energy equation q =c p (To) —To1), 


-55 kJ/kg 


——— = 4852K 
1.005 kJ/kg: K 


Ty =T; +- = 539.9K + 
Cp 


The maximum value of stagnation temperature Ty occurs at Ma = 1, and its value can be determined from Table A-34 or 
from the appropriate relation. At Ma, = 2 we read To1/To = 0.7934. Therefore, 
* Toi 539.9K 
To = = 

0.7934 0.7934 


= 680.5K 


The stagnation temperature ratio at the exit and the Mach number corresponding to it are, from Table A-34, 


T 
Jo 4852K 97130 -> Mma = 2.479 ~ 2.48 
Tè  680.5K 
Also, 
Ma, =2 > T,/T =0.5289 


Ma,=2.4799 > T/T =0.3838 


Then the exit temperature becomes 


T, T,/T* _ 0.3838 


: =0.7257 —> T, =0.7257T, = 0.7257(300 K) = 218K 
T, T,/T 0.5289 


Discussion Note that the temperature decreases and Mach number increases during this supersonic Rayleigh flow with 
cooling. This problem can also be solved using appropriate relations instead of tabulated values, which can likewise be 
coded for convenient computer solutions. 
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17-114 Argon flowing at subsonic velocity in a constant-diameter duct is accelerated by heating. The highest rate of heat 
transfer without reducing the mass flow rate is to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of argon to be k = 1.667, cp = 0.5203 Q 
kJ/kg-K, and R = 0.2081 kJ/kg-K. 
Analysis Heat transfer stops when the flow is choked, and thus P, = 320:kPa i 
Ma: = Vz/c2 = 1. The inlet stagnation temperature is T, = 400:K Maz = 
n 7 ———>| — > 
Toi =1,[1+4 ma? =(400K( 1+ 4957-192? | -4053x Ma; = 0.2 


The Rayleigh flow functions corresponding to the inlet and exit Mach 
numbers are 


ToT = ] (since Ma; = 1) 


Ty, _ (k+1)Ma? [2+(k-1)Ma?] _ (1.667 +1)0.2°[2 + (1.667 —1)0.2°] 


An o -—— = 0.1900 
T (1+kMa?) (141.667 0.27) 


Therefore, 


Ty Toll 1 
Toi To/To 0.1900 


> Ty =Tp, /0.1900 = (405.3 K)/ 0.1900 = 2133 K 


Then the rate of heat transfer becomes 
Q= MairC p (To. — Toi) = (1.2 kg/s)(0.5203 kJ/kg : K)(2133 — 400) K =1080 kW 


Discussion It can also be shown that T> = 1600 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k= 1.4. 
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17-115 Air flowing at a supersonic velocity in a duct is decelerated by heating. The highest temperature air can be heated 
by heat addition and the rate of heat transfer are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Mass flow 
rate remains constant. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg:K. 


Analysis Heat transfer will stop when the flow is choked, and thus Ma) = V>/c2 = 1. Knowing stagnation properties, the 
static properties are determined to be 


-1 -1 
T, -Ta(1+# Ma? = (600 Kf1+ 1411.2) =364.1K 


k-1 -k/(k-1) 1.4-1 -1.4/0.4 
P -p(t Ma’ | =(210 kpa)(1+ 11.8] Poi =210 kPa ! 
T= 600K | IMa, = 
= 36.55 kPa — x i i 

a =l. i 4 

P 6.55 kP 
pp=—t= ee = 0.3498 kg/m? 
RT, (0.287kI/kgK)(364.1K) 0 tS 

Then the inlet velocity and the mass flow rate become 
2 2 
c, = JkRT, = ,|(1.4)(0.287 wre asaf OOO = 382.5 m/s 
g 


V, =Ma,c, =1.8(382.5 m/s) = 688.5 m/s 
Moir = P14 V; = (0.3498 kg/m? )[7(0.10 m)? / 4](688.5 m/s) =1.891 kg/s 
The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma; = 1.8: T,/T’ = 0.6089, Toi/Tp = 0.8363 
Ma, = 1:T,/T =], To/ To =] 
Then the exit temperature and stagnation temperature are determined to be 
T, T/T 1 
T, T /T* 0.6089 


T, =T, /0.6089 = (364.1 K) / 0.6089 = 598 K 


Tyo T/T 1l 
Ty, Ty, /Ty 0.8363 


Ty, = Ty, / 0.8363 = (600 K)/ 0.8363 = 717.4 K = 717 K 


Finally, the rate of heat transfer is 
Q= MairC p (Toz — To) = (1.891 kg/s)(1.005 kJ/kg - K)(717.4 — 600) K = 223 kW 


Discussion Note that this is the highest temperature that can be attained under stated conditions. If more heat is transferred, 
the additional temperature will cause the mass flow rate to decrease. Also, once the sonic conditions are reached, the 
thermodynamic temperature can be increased further by cooling the fluid and reducing the velocity (see the T-s diagram for 
Rayleigh flow). 
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Steam Nozzles 


17-116C The delay in the condensation of the steam is called supersaturation. It occurs in high-speed flows where there 
isn’t sufficient time for the necessary heat transfer and the formation of liquid droplets. 
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17-117 Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 90 percent efficient nozzle cases. 


Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 


Analysis (a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus ho, = hı. 


At the inlet, 


P, =P, =4 aah = ho = 3214.5 kJ/kg 


T, =T, = 400°C Í s, = s3, = 6.7714 kJ/kg -K Q) — sTEAM—> © 
At the exit, nay 

P, =2.5 MPa h, = 3083.4 kJ/kg N= ie 

S3 = 6.7714 kJ/kg K Í v, = 0.1058 m3/kg LARC 
Then the exit velocity is determined from the steady-flow energy balance E i= E out With q=w=0, 

v2 ap 

h +V? /2=h +V7/2 —> 0=h -h +2 F 

Solving for V2, 
1 Died 
V, = [Xh —hy) = jonus — 3083.4) O00 =512.0 m/s 
g 

The mass flow rate is determined from 

a AV» = <— (32 x10~* m*)(512.0 m/s) = 15.49 kg/s 

v, 0.1058 m*/kg 


The velocity of sound at the exit of the nozzle is determined from 


ee py? _( ap 1/2 
Gp), \Ad/v)}. 
The specific volume of steam at s2 = 6.7714 kJ/kg-K and at pressures just below and just above the specified pressure (2.0 
and 3.0 MPa) are determined to be 0.1257 and 0.09183 m*/kg. Substituting, 


Ha (3000 — 2000) kPa ate 
ee 


3 
1 1 kon 1 kPa.m 
0.09183 0.1257 


Then the exit Mach number becomes 


V2 _ 512.0 m/s 
c, 583.7 m/s 


| = 583.7 m/s 


Ma, = = 0.877 


(b) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 
hoi = hy. 


At the inlet, 


P, = Py: = 4 MPa] h; = họ; =3214.5 kJ/kg 
T, = Ty = 400°C Í s; = s3, = 6.7714 kJ/kg -K 
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At state 2s, 


P,, =2.5MPa 


hy, = 3083.4 kJ/kg 
S3, = 6.7714 kI/kg-K 


The enthalpy of steam at the actual exit state is determined from 


_ 214.5 — 

(Sk og a ean a uieS 
hy, — Ih, 3214.5 — 3288.7 

Therefore, 


P, =2.5MPa v, = 0.1065 m/kg 
h, =3091.3kI/kg | s, = 6.7844 kI/kg-K 


Then the exit velocity is determined from the steady-flow energy balance É = E,,, with q = w=0, 
ae 
h +V? /2 =h +V7/2 —> 0=h-h+4~—! 
Solving for V», 
2/2 
V, = /2(h, -h,) = [eias -3013 a = 496.4 m/s 
8 


The mass flow rate is determined from 


pael 
m = AV> = 3 
V2 0.1065 m`” /kg 


(32x 10~* m*)(496.4 m/s) = 14.92 kg/s 
The velocity of sound at the exit of the nozzle is determined from 
E P 1/2 _( ap 1/2 
õp),  \Ad/v))}. 


The specific volume of steam at s2 = 6.7844 kJ/kg-K and at pressures just below and just above the specified pressure (2.0 
and 3.0 MPa) are determined to be 0.1266 and 0.09246 m*/kg. Substituting, 


i (3000 — 2000) kPa E m? /s? 
2 


1 l- ioii 1kPa.m°? 
g/m 
0.09246 0.1266 


Then the exit Mach number becomes 


= 585.7 m/s 


V, _ 496.4m/s _ 
Cy 585.7 m/s 


0.848 


Ma, = 
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17-118E Steam enters a converging nozzle with a low velocity. The exit velocity, mass flow rate, and exit Mach number are 
to be determined for isentropic and 90 percent efficient nozzle cases. 


Assumptions 1 Flow through the nozzle is steady and one-dimensional. 2 The nozzle is adiabatic. 


Analysis (a) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is 
negligible. Thus ho; = hı. 


At the inlet, 


P, = Py, = 450 psia |" = ho, =1468.6 Btu/Ibm 


T, =Ty, =900°F Ís; =s, =1.7117 Btu/Ibm-R QM — sTEAM—> ©) 
: V, x0 

At the exit, 
P, = 275 psia h, =1400.5 Btu/1bm ? TIN = o 
s», =1.7117 Btu/Ibm-R Í v, = 2.5732 ft°/Ibm ae a 


Then the exit velocity is determined from the steady-flow energy balance En = È at with q=w=0, 


v2 ae 

h +V? /2=h +V7/2 —> 0=h-h+—2 F 

Solving for V2, 
25,037 ft?/s? 

V» = /2(h, — hy) = ./2(1468.6 — 1400.5) Btu/1bm| ———— | = 1847 ft/s 

2 (h, — hy) fe ) Gann 
Then, 

jad AV = - (3.75/144 ft”)(1847 ft/s) = 18.7 1bm/s 

v 2.5732 ft? /1bm 


The velocity of sound at the exit of the nozzle is determined from 


= @P ane AP 1/2 
op), \Ad/v)). 


The specific volume of steam at s2 = 1.7117 Btu/Ibm-R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.7709 and 2.4048 ft*/Ibm. Substituting, 


2 (300 — 250) psia Si ft? /s? | 1Btu 
Z 3 : 
1 2. Lbm/ft3 1 Btu/1bm 5.4039 ft” - psia 
2.4048 2.7709 


l = 2053 ft/s 


Then the exit Mach number becomes 
oV, 1847fts _ 


Ma, = — = ——— = 0. 
g c, 2053 ft/s 


(b) The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Thus 
hoi = hy. 


At the inlet, 


P, = Py = 450 psia | h, = ho, = 1468.6 Btu/Ibm 
T, =T} =900°F Í s; =s», =1.7117 Btu/Ibm-R 
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At state 2s, 


P,, = 275 psia 


h>, =1400.5 Btu/Ibm 
S3, = 1.7117 Btu/lbm-R 


The enthalpy of steam at the actual exit state is determined from 


ho, — h 1468.6 — h 
1y = ———— —> 0.90 = ————__+— —_> h, =1407.3 Btu/1bm 
hoi — hog 1468.6 — 1400.5 
Therefore, 
P, = 275 psia v, = 2.6034 ft?/Ibm 
h, = 1407.3 Btu/Ibm } s, =1.7173 Btu/1bm -R 
Then the exit velocity is determined from the steady-flow energy balance É = E,,, with q = w= 0, 
ane 
h +V2/2=h,+V3/2 —> 0=h -h+ 
Solving for V», 
25,037 ft?/s? 
V, = 42(h — h) = ,|2(1468.6 — 1407.3) Btu/1bm| —-—————_ | =1752ft/s 
> = 2h, h) fe ) aui 
Then, 
TE AV; = : ; (3.75/144 ft”)(1752 ft/s) = 17.53 1bm/s 
v, 2.6034 ft? /1bm 


The velocity of sound at the exit of the nozzle is determined from 


= æ oe AP 1/2 
õp),  \Ad/v))}. 


The specific volume of steam at s2 = 1.7173 Btu/lbm-R and at pressures just below and just above the specified pressure 
(250 and 300 psia) are determined to be 2.8036 and 2.4329 ft*/Ibm. Substituting, 


oe (300 — 250) psia AS R/s? | 1Btu 
2; 


Lap | Btu/Ibm 5.4039 ft? - psia 
2.4329 2.8036 


l = 2065 ft/s 


Then the exit Mach number becomes 


V, _1752ft/s _ 


Ma, = 
? e, 2065 fi/s 


849 
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17-119 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 


Assumptions Flow through the nozzle is steady, one-dimensional, and isentropic. 


Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus hoi = hy. 


At the inlet, 


P, = P =1MPa + = hy, =3479.1 kJ/kg W 


T, =Tp, =500°C Í s, =s, = 7.7642 kJ/kg : K Q s © 
ceam ————> 
At the exit, V,~0 fir ee ing TS = 100% 
P, = 0.2 MPa h, = 3000.0 kJ/kg 
Sy = 7.7642 kJ/kg -K | v, = 1.2325 m°/kg 


Then the exit velocity is determined from the steady-flow energy balance Èn = Ev with q=w=0, 


v2 _y2” 
h+V2/2=h,+V7/2 —> 0=h-h+—2 < 
Solving for V2, 
1 24,2 
V = f2(h, — hy) = perea- ei “co = 978.9 m/s 
g 


The exit area is determined from 


mv, _ (2.5kg/s)(1.2325m*/kg) 
V (978.9 m/s) 


A= =31.5x107f m? = 31.5 cm? 


The velocity of sound at the exit of the nozzle is determined from 


> @ ok AP 1/2 
E? , \Ad/vy), 


The specific volume of steam at s2 = 7.7642 kJ/kg-K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2.0935 and 0.9024 m*/kg. Substituting, 


Cy = 


(300 — 100) kPa ae m?/s? 


3 
rn. kein? 1kPa-m 
0.9024 2.0935 


Then the exit Mach number becomes 


= 563.2 m/s 


V, — 978.9m/s _ 


Ma, = 
2 e, 563.2 m/s 


738 
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17-120 Steam enters a converging-diverging nozzle with a low velocity. The exit area and the exit Mach number are to be 
determined. 
Assumptions Flow through the nozzle is steady and one-dimensional. 


Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. 
Thus hoi = hy. 


P, =P), =1 MPa | h, = họ; = 3479.1 kJ/k 
At the inlet, ea | Ree S 


T, =T > =500°C Í s} = s3, =7.7642 kJ/kg -K 
P, =0.2 MPa 


At state 2s, hy, = 3000.0 kJ/kg 
S3 = 7.7642 kJ/kg : K 


The enthalpy of steam at the actual exit state is determined from 


ho; — hz, ~~ 3479.1— 3000.0 


> h, = 3047.9 kJ/kg 


Therefore, 


P, =0.2 MPa v, = 1.2882 m*/kg 
h, = 3047.9 kJ/kg | s, = 7.7642 kJ/kg: K 


Then the exit velocity is determined from the steady-flow energy balance Èn = Èa with q=w=0, 
2 270 
h +V2/2=h,+V7/2 —> 0=h -h pe 
Solving for V2, 
1 27,2 
V, = f2(h, -h,) = foma ~3047.9) wang ee) = 928.7 m/s 
8 


The exit area is determined from 


mv, _ (2.5kg/s)(1.2882 m*/kg) 
V, 928.7 m/s 


Ay = = 34.7x104 m?’ =34.7cm? 


The velocity of sound at the exit of the nozzle is determined from 


2 P 1/2 _( a 1/2 
op), \Ad/v))}. 
The specific volume of steam at s2 = 7.7642 kJ/kg:K and at pressures just below and just above the specified pressure (0.1 
and 0.3 MPa) are determined to be 2.1903 and 0.9425 m*/kg. Substituting, 


ie (300 —100) kPa 1000 m? /s? 
2 i 3 


a:m 


1 
(sams E aml 


Then the exit Mach number becomes 


V, _ 928.7 m/s _ 


Ma, = 
> e, 575.2 m/s 


1.61 
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Review Problems 


17-121 A leak develops in an automobile tire as a result of an accident. The initial mass flow rate of air through the leak is 
to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow of air through the hole is isentropic. 


Properties The gas constant of air is R = 0.287 kPa-m*/kg-K. The specific heat ratio of air at room temperature is k = 1.4 
(Table A-2a). 


Analysis The absolute pressure in the tire is 


P = Pago + Pat = 220+ 94 = 314 kPa 


The critical pressure is, from Table 17-2, 
P* =0.5283P) = (0.5283)(314 kPa) = 166 kPa > 94 kPa 


Therefore, the flow is choked, and the velocity at the exit of the hole is the sonic speed. Then the flow properties at the exit 
becomes 

Po _ 314kPa 
RT) (0.287 kPa - m° / kg - K)(298 K) 


P= =3.671 kg/m? 


F 2 1/(k-1) 2 1/(1.4-1) 
p = ofz -) = (3.671 kgim? | — = 2.327 kg/m? 
T At 


PEA | -—? _ (298K) = 248.3K 
k+l 1.441 


1000 m? /s” 


(248.3 K) = 315.9 m/s 
1 kJ/kg 


V=c=VkRT™ = _|(1.4)(0.287 kJ/kg - K| 


Then the initial mass flow rate through the hole becomes 
rù = pAV = (2.327 kg/m*)[2(0.004 m)? /4](315.9 m/s) = 0.00924 kg/s = 0.554 kg/min 


Discussion The mass flow rate will decrease with time as the pressure inside the tire drops. 
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17-122 The thrust developed by the engine of a Boeing 777 is about 380 kN. The mass flow rate of air through the nozzle is 
to be determined. 


Assumptions 1 Air is an ideal gas with constant specific properties. 2 Flow of combustion gases through the nozzle is 
isentropic. 3 Choked flow conditions exist at the nozzle exit. 4 The velocity of gases at the nozzle inlet is negligible. 


Properties The gas constant of air is R = 0.287 kPa.m*/kg.K (Table A-1), and it can also be used for combustion gases. The 
specific heat ratio of combustion gases is k = 1.33 (Table 17-2). 


Analysis The velocity at the nozzle exit is the sonic velocity, which is determined to be 


1000 m? /s? 


V =c=WVkRT = /(.33)(0.287 kJ/kg: K 
c=} | X 2 | ae 


Joss K) =318.0 m/s 


Noting that thrust F is related to velocity by F = mV , the mass flow rate of combustion gases is determined to be 


_ F _ 380,000N fae 


— = 1194.8 kg/s 
IN á 


V  318.0m/s 


Discussion The combustion gases are mostly nitrogen (due to the 78% of N; in air), and thus they can be treated as air with 
a good degree of approximation. 


17-123 A stationary temperature probe is inserted into an air duct reads 50°C. The actual temperature of air is to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The stagnation process is isentropic. 
Properties The specific heat of air at room temperature is c, = 1.005 kJ/kg-K (Table A-2a). 


Analysis The air that strikes the probe will be brought to a complete stop, and thus it will undergo a stagnation process. The 
thermometer will sense the temperature of this stagnated air, which is the stagnation temperature. The actual air temperature 
is determined from 


y? (125 m/s)? ( kJ/kg 


T =T, --—— = 50°C 
l 1000 m? /s2 


= 42.2°C 
2c 2 x 1.005 kJ/kg - K ) 


Wt 
} 


Discussion Temperature rise due to stagnation is very significant in high-speed flows, 125 m/s 


and should always be considered when compressibility effects are not negligible. 
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17-124 Nitrogen flows through a heat exchanger. The stagnation pressure and temperature of the nitrogen at the inlet and 
the exit states are to be determined. 


Assumptions 1 Nitrogen is an ideal gas with constant specific 
properties. 2 Flow of nitrogen through the heat exchanger is 


isentropic. Qin 
Properties The properties of nitrogen are cp = 1.039 kJ/kg.K 150 kPa a 100 kPa 
and k = 1.4 (Table A-2a). 10°C —> Nitrogen 180 m/s 
Analysis The stagnation temperature and pressure of nitrogen ToO mis 
at the inlet and the exit states are determined from 
2 2 
1kJ/k 
mety =10°C + Lm») Jke | 148°C 
2c, 2x1.039 kJ/kg -°C (1000 m? / s? 


kk-1) 1.4/(1.4-1) 
T, 
Py, =P,| = (150 kPa) mes =159.1kPa 
283.2K 
= AE with w = 0 


From the energy balance relation E; — E 


out system 


V2 -V7 
Gin = Cp (T2 -T,)+ Z 2 l + Ape”? 


125 kJ/kg = (1.039 kJ/kg -°C)(T, —10°C) + 


asoma aom 1kJ/kg ) 


2 1000 m? /s* 
T, =119.5°C 
and 
2 2 
Ty =T, +72 =119.5°C Ee =135.1°C 
2c, 2x1.039 kJ/kg -°C (1000 m? /s2 


k (k-1) 1.4/(1.4-1) 
T, 
Py = P,| =(100 kPa W33 <£) =114.6kPa 
T 392.7 K 


Discussion Note that the stagnation temperature and pressure can be very different than their thermodynamic counterparts 
when dealing with compressible flow. 
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17-125 An expression for the speed of sound based on van der Waals equation of state is to be derived. Using this relation, 
the speed of sound in carbon dioxide is to be determined and compared to that obtained by ideal gas behavior. 


Properties The properties of CO, are R = 0.1889 kJ/kg-K and k = 1.279 at T = 50°C = 323.2 K (Table A-2b). 


Analysis Van der Waals equation of state can be expressed as 


pa PT a 
v—b v? 
Differentiating, 
&@ ) RT 2a 
ETRE ee 
OV) > (v-b) v 
Noting that p=1/v > dp =-dv / v? , the speed of sound relation becomes 
TORE 
& jr vjr 
Substituting, 


Using the molar mass of CO; (M = 44 kg/kmol), the constant a and b can be expressed per unit mass as 
a=0.1882kPa-m°/kg” and b=9.705x10“ m° /kg 
The specific volume of CO, is determined to be 


_ (0.1889 kPa -m° /kg-K)(323.2K) 2x0.1882kPa-m® /kg* 


200 kPa 3 3 
v —0.0009705 m`“ /kg v 


> v =0.3031m?/kg 


Substituting, 


1/2 
(0.3031 m° / kg)? (1.279)(0.1889 kJ/kg : K)(323.2 K) 1000 m? / s? 
= 3 2 1kJ/k 
z (0.3031-— 0.0009705 m° / kg) g oyren 
2(0.1882 kPa.m® / kg?)(1.279) 1000 m? /s” 


(0.3031m° / kg)? 1kPa -m°/kg 


If we treat CO; as an ideal gas, the speed of sound becomes 


1000 m2 /s? 


c= VkRT = |(1.279)(0.1889 kJ/kg -K)(323.2 K 
| X g: K)X( { Tki/ke 


= 279.4 m/s 


Discussion Note that the ideal gas relation is the simplest equation of state, and it is very accurate for most gases 
encountered in practice. At high pressures and/or low temperatures, however, the gases deviate from ideal gas behavior, and 
it becomes necessary to use more complicated equations of state. 
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17-126 The equivalent relation for the speed of sound is to be verified using thermodynamic relations. 


Analysis The two relations are c? -(2) and c’ = {| 
Op }, Op ) > 


From r =1/v —> dr = -dv /v°. Thus, 


> (=) (=) {= z) ic (=) 
Cc yY yY = -y 
ar J ov), oT ôv), oT ),\ dv), 


From the cyclic rule, 


(P, 9S) (=) (=) 1 (2) (2) (=) 
OT jJ \ Os ) p\ OP Jy ôT); OT ) p\ ôs Jr 
usr I ie i ( Gell 
ðv J Os Jr OT }, ov |}, ðvjr es }, 


Substituting, 

5 2 Os oP Os oT ai Os oT oP 

c (4 v 

OT Jp\ OS Jr Ov Jr OS J, OT )p\ Os J \ OS Jr 

Recall that 

c 

2-(&) and «(S| 

For) T (ôT 
Substituting, 


Replacing -dv/ v? by dp, 


C= {=| 
Op Jr 


17-83 


Discussion Note that the differential thermodynamic property relations are very useful in the derivation of other property 


relations in differential form. 
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17-127 For ideal gases undergoing isentropic flows, expressions for P/P*, T/T*, and p/p* as functions of k and Ma are to be 


obtained. 
Analysis Equations 17-18 and 17-21 are given to be 
To _ 2+(k-1)Ma? 


T 2 
and 

Troe 

Tọ k+l 
Multiplying the two, 


To T*)_(2+(k-1)Ma? í 2 ) 
T To 2 k+1 


Simplifying and inverting, 
T k+1 
T* 24(k—-1)Ma? 


k/(k-1 
P -( T A P k+1 aan 
P* \(T* P* |2+4(k-1)Ma? 


k (k-1) a k (k=l) 
PP eS ea sae —_—__, 
p* \p* p* \2+(k-1)Ma 


From 


From 


Discussion Note that some very useful relations can be obtained by very simple manipulations. 


(1) 


(2) 


(3) 
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17-128 It is to be verified that for the steady flow of ideal gases dTy/T = dA/A + (1-Ma’) dV/V. The effect of heating and 
area changes on the velocity of an ideal gas in steady flow for subsonic flow and supersonic flow are to be explained. 


2 


Analysis We start with the relation = =C,(Ty-T), (1) 
Differentiating, VdV =c „(dT —dT) (2) 
We also have a GSN 2G (3) 
p A V 
and SA =0 (4) 
p 
Differentiating the ideal gas relation P = pRT, < = we + T =0 (5) 
P 
From the speed of sound relation, c? =kRT = (k-1)c pl =kP/p (6) 
dP dT dA dv 
Combining Eqs. (3) and (5), +— + =0 7 
g Eqs. (3) and (5) poe ae (7) 
dP dP 
Combining Eqs. (4) and (6), — = = -Vd 
g Eqs. (4) and (6) 2 ee 
2 
or, Te a OM age (8) 
P c? c V 
Combining Eqs. (2) and (6), 
Cp 
dT, : dT, : dT, 
r dT o V? dV dT ` V dV dTy (k—1)Ma? dV O) 
T T cTV T T k-)V T 
Combining Eqs. (7), (8), and (9), 
dT, 
(k —1)Ma? Mee +(k—1)Ma? tt BY 
V T V A V 
dT, 
or, So AL eta? + Ma? +1] 
T A V 
dT, 
Thus, t +(1-Ma°) ay (10) 
A V 


Differentiating the steady-flow energy equation q = ho — ho, = € p (Too —To1) 


6q =c pdTo (11) 
Eq. (11) relates the stagnation temperature change dTe to the net heat transferred to the fluid. Eq. (10) relates the velocity 


changes to area changes dA, and the stagnation temperature change dT) or the heat transferred. 


(a) When Ma < 1 (subsonic flow), the fluid will accelerate if the duck converges (dA < 0) or the fluid is heated (dT > 0 or 
ôq > 0). The fluid will decelerate if the duck converges (dA < 0) or the fluid is cooled (dT) < 0 or ôq < 0). 


(b) When Ma > 1 (supersonic flow), the fluid will accelerate if the duck diverges (dA > 0) or the fluid is cooled (dTp < 0 or 
ôq < 0). The fluid will decelerate if the duck converges (dA < 0) or the fluid is heated (dT) > 0 or ôq > 0). 
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17-129 A pitot tube measures the difference between the static and stagnation pressures for a subsonic airplane. The speed 
of the airplane and the flight Mach number are to be determined. 


Assumptions 1 Air is an ideal gas with constant specific heat ratio. 2 The stagnation process is isentropic. 
Properties The properties of air are R = 0.287 kJ/kg.K and k = 1.4 (Table A-2a). 
Analysis The stagnation pressure of air at the specified conditions is 


P) = P + AP = 30.8 + 20 = 50.8 kPa 


Then, 


P, k-1)Ma? 50.8 (.4-D)Ma?) 
Pe (rp pmt) — BE h, damt) 


It yields 
Ma = 0.877 


The speed of sound in air at the specified conditions is 


1000 m? /s? 


= VKRT = ||(1.4)(0.287 kJ/kg - K)(240 K 
c f X g: K)( | Tkilke 


| = 310.5 m/s 


Thus, V = Ma xc = (0.877)(310.5 m/s) = 272 m/s 


Discussion Note that the flow velocity can be measured in a simple and accurate way by simply measuring pressure. 


17-130 The mass flow parameter m,/RTy / (AP)) versus the Mach number for k = 1.2, 1.4, and 1.6 in the range of 
0 <Ma <1 is to be plotted. 


Analysis The mass flow rate parameter (1m,/RT, )/ P} A can be expressed as 


h JRT, - 2 (k+1)/2(k-1) 
PA 2+(k-1)M° 
Thus, 

Ma k=1.2 k=14 k=1.6 
0.0 0 0 0 

0.1 0.1089 0.1176 0.1257 
0.2 0.2143 0.2311 0.2465 
0.3 0.3128 0.3365 0.3582 
0.4 0.4015 0.4306 0.4571 
0.5 0.4782 0.5111 0.5407 
0.6 0.5411 0.5763 0.6077 
0.7 0.5894 0.6257 0.6578 
0.8 0.6230 0.6595 0.6916 
0.9 0.6424 0.6787 0.7106 
1.0 0.6485 0.6847 0.7164 


Discussion Note that the mass flow rate increases with increasing Mach number and specific heat ratio. It levels off at Ma = 
1, and remains constant (choked flow). 
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17-131 Helium gas is accelerated in a nozzle. The pressure and temperature of helium at the location where Ma = 1 and the 
ratio of the flow area at this location to the inlet flow area are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 


Properties The properties of helium are R = 2.0769 kJ/kg-K, cp = 5.1926 kJ/kg-K, and k = 1.667 (Table A-2a). 


Analysis The properties of the fluid at the location where Ma = 1 are the critical properties, denoted by superscript *. We 
first determine the stagnation temperature and pressure, which remain constant throughout the nozzle since the flow is 
isentropic. 


v2 2 
merr sna EES 564K 
2c, 2x 5.1926 kJ/kg -K \ 1000 m2 /s2 


and O — He — ®© 


7 120 m/s Ma= 
T (k-1) 501.4 K \1667/0-667-D 
P, =P, F =(0.8 MPa - ) =0.806 MPa 


i 500K 


l 


The Mach number at the nozzle exit is given to be Ma = 1. Therefore, the properties at the nozzle exit are the critical 
properties determined from 


T*=T) (=| = (501.4 K{ =) = 376K 
+ : 


2 \ KMD 1.667 /(1.667-1) 
P*= Po{ ) = (0.806 MPa > — | = 0.393 MPa 
k+1 1.667 +1 
The speed of sound and the Mach number at the nozzle inlet are 
1 rae 
c; = VERT , = .|(1.667)(2.0769 kI/kg-K)(500 K) 100°™/S" | _ 1316 m/s 
1 kJ/kg 

V, 
Mape Ca 20S iga 

ci 1316m/s 


The ratio of the entrance-to-throat area is 


(k+1)/[2(k-1)] 
A; = 
a 21 ko! Ma? 
A Ma; |\ k+l 2 


l 2 1.667 —1 2.667 /(2x0.667) 
= ifs (0.0912)? 
0.0912 | 1.667 +1 2 


= 6.20 


Then the ratio of the throat area to the entrance area becomes 


gas ab 0.161 
6.20 


l 


Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible flow 
duct. 
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17-132 Helium gas enters a nozzle with negligible velocity, and is accelerated in a nozzle. The pressure and temperature of 
helium at the location where Ma = 1 and the ratio of the flow area at this location to the inlet flow area are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The entrance velocity is negligible. 


Properties The properties of helium are R = 2.0769 kJ/kg-K, cp = 5.1926 kJ/kg-K, and k = 1.667 (Table A-2a). 


Analysis We treat helium as an ideal gas with k = 1.667. The properties of the fluid at the location where Ma = 1 are the 
critical properties, denoted by superscript *. 


The stagnation temperature and pressure in this case are identical to the inlet temperature and pressure since the 
inlet velocity is negligible. They remain constant throughout the nozzle since the flow is isentropic. 


Ty = T;=500K 
Po = P; = 0.8 MPa 


The Mach number at the nozzle exit is given to be Ma= 1. Therefore, the 
properties at the nozzle exit are the critical properties determined from © = Hor ——> © 


2 2 Vix 0 Ma=1 
+ . 


1.667 /(1.667-1) 
} = 0.390 MPa 


2 \ KMD 

p*= Pf } = (0.8 MPa( 
k+1 1.667 +1 

The ratio of the nozzle inlet area to the throat area is determined from 


(k+1) /[2(k-1)] 
A o1 ( 2 1+4 ma?) 
A  Maiļ|\k+1 2 


But the Mach number at the nozzle inlet is Ma = 0 since V; = 0. Thus the ratio of the throat area to the nozzle inlet area is 


A* 1l 


> 
8 | 


Discussion The compressible flow functions are essential tools when determining the proper shape of the compressible flow 
duct. 
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EES 
17-133 Air enters a converging nozzle. The mass flow rate, the exit velocity, the exit Mach number, and the exit 
pressure-stagnation pressure ratio versus the back pressure-stagnation pressure ratio for a specified back pressure range are 
to be calculated and plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 Flow through the nozzle is steady, 
one-dimensional, and isentropic. 


Properties The properties of air at room temperature are R = 0.287 kJ/kg-K, cp = 1.005 kJ/kg-K, and k = 1.4 (Table A-2a). 


Analysis The stagnation properties remain constant throughout the nozzle since the flow is isentropic. They are determined 
from 


2 
To =T, ++ =500K + 


(230 m/s)? 1kJ/kg 
Cp 


AS | se 
2x 1.005 kJ/kg -K oe a, 


m Ci) —> Ar —-» (e) 


k /(k-1) 1.4/(1.4-1) 
T, 
P, = P| 2 = (900 kea 2283 K) = 1077 kPa aam 
T, 500 K 


The critical pressure is determined to be 


k/(k-1) 1.4/0.4 
P* = P) 3) = (1077 KPa} = 569.0 kPa 


k+1 1.4+1 
Then the pressure at the exit plane (throat) will be 
P.=P, for P, = 569.0 kPa 
P, = P* = 569.0 kPa for P, <569.0kPa (choked flow) 


Thus the back pressure will not affect the flow when 100 < P, < 569.0 kPa. For a specified exit pressure P,, the 
temperature, the velocity and the mass flow rate can be determined from 


(k-1)/k 0.4/1.4 
Temperature T, =T (= = (526.3 Kí - ) 


7 1077 
, 1000 m?/s? 
Velocity V = ,/2c, (Ty - Te) = ,/2(1.005 kJ/kg - K)(526.3 - T, ) 
1 kJ/kg 
2 2 
Speed of sound c, = KRT . =.|(1.4)(0.287 erg xf oS 
g 


Mach number Ma, =V,/c, 
P 


e e 


RT, (0.287 kPa-m*/kg-K)T, 


Density Pe= 


Mass flowrate m= pV Ae = PoV,(0.001 m?) 


The EES solution and the results are given below 


"Given" 

P_i=900 "[kPa]" 
T_i=500 "[K]" 
Vel_i=230 "[m/s]" 
A_e=10E-4 "[m^2]" 
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"Properties" 
C_p=1.005 
k=1.4 
R=0.287 


"Analysis" 


TO=T_i+Vel_i42/(2*C_p)*Convert(m’2/s”2, kJ/kg) 
PO=P_i*(TO/T_i)(k/(k-1)) 
P_star=P0*(2/(k+1))(k/(k-1)) 
T_e=T0*(P_e/P0)*((k-1)/k) 


Vel_e=sqrt(2*C_p*(T0-T_e)*Convert(kJ/kg, m^2/s^2)) 
C_e=sqrt(k*R*T_e*Convert(kJ/kg, m^2/s^2)) 


M_e=Vel_e/C_e 
tho_e=P_e/(R*T_e) 
m_dot=rho_e*Vel_e*A_e 


RatioP_e=P_e/P0 
RatioP_b=P_b/P0 


"P_e=P_b for P b>=P_star and P_e=P star for P b<P star 


P,, kPa 
900 


RatioP, 


0.836 
0.743 
0.650 
0.557 
0.528 
0.464 
0.371 
0.279 
0.186 
0.093 


P., kPa 


900 
800 
700 
600 
545.9 
545.9 
545.9 
545.9 
545.9 
545.9 


RatioP, 


0.836 
0.743 
0.650 
0.557 
0.507 
0.507 
0.507 
0.507 
0.507 
0.507 


Te K 


500 

483.5 
465.4 
445.3 
433.4 
433.4 
433.4 
433.4 
433.4 
433.4 


Ves m/s 


230 

293.5 
350 

403.5 
432.1 
432.1 
432.1 
432.1 
432.1 
432.1 


Me 


0.51 
0.67 
0.81 
0.95 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 


Po kg/m? 


6.272 
5.766 
5.241 
4.695 
4.388 
4.388 
4.388 
4.388 
4.388 
4.388 


m, kg/s 
1.443 
1.692 
1.835 
1.894 
1.896 
1.896 
1.896 
1.896 
1.896 
1.896 
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Vel, 


m [kg/s] 
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EES 
17-134 Steam enters a converging nozzle. The exit pressure, the exit velocity, and the mass flow rate versus the back 
pressure for a specified back pressure range are to be plotted. 


Assumptions 1 Steam is to be treated as an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one- 
dimensional, and isentropic. 3 The nozzle is adiabatic. 


Properties The ideal gas properties of steam are given to be R = 0.462 kJ/kg.K, cp = 1.872 kJ/kg.K, and k = 1.3. 


Analysis The stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible. Since 
the flow is isentropic, they remain constant throughout the nozzle, 


P= P; =6 MPa 
To = T; = 700 K 
The critical pressure is determined from to be © —> STEAM—> © 


2 Nkk- 2 \13/03 V,~0 
p* = n| ) =(6 MPa( ) =3.274 MPa 
k+1 1.3+1 


Then the pressure at the exit plane (throat) will be 
P. =P, for P, 2 3.274 MPa 
P. = P* = 3.274 MPa for P, < 3.274 MPa (choked flow) 


Thus the back pressure will not affect the flow when 3 < P, < 3.274 MPa. For 
a specified exit pressure P,, the temperature, the velocity and the mass flow 
rate can be determined from 


Temperature 
Ve 
(k-1)/k 0.3/1.3 
P P 
T, =T,)| — = (700 K) — 
e (2 ) ( f 6 ) pe 
Velocity 
1000 m?/s” P 
V =./2c, (Ty -T, ) = ,12(1.872 kJ/kg - K)(700 -T A 
cy 0 e) ( 8 )( | 1 kJ/kg l m 
Density Mpa 
r Pe 
Pe = = 3 
RT, (0.462 kPa-m°/kg-K)T, 
P 
Mass flow rate 3 3.274 6 MPa 
m = pV, A, = PV, (0.0008 m°) 
The results of the calculations can be tabulated as follows: 
P, MPa Pe, MPa T, K Va m/s Po kg/m? m, kg/s 
6.0 6.0 700 0 18.55 0 
5.5 5.5 686.1 228.1 17.35 3.166 
5.0 5.0 671.2 328.4 16.12 4.235 
4.5 4.5 655.0 410.5 14.87 4.883 
4.0 4.0 637.5 483.7 13.58 5.255 
3.5 3.5 618.1 553.7 12.26 5.431 
3.274 3.274 608.7 584.7 11.64 5.445 
3.0 3.274 608.7 584.7 11.64 5.445 
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17-135 An expression for the ratio of the stagnation pressure after a shock wave to the static pressure before the shock wave 
as a function of k and the Mach number upstream of the shock wave is to be found. 


Analysis The relation between P, and P; is 


P, 1+kMa3 1+kMa; 
P, 1+kMa; 1+kMa; 


Substituting this into the isentropic relation 


P z 
2 (14(k-1)Ma3 2) Oa 
P, 
Then, 
P 1+kMa? 2 
w “1 fik- Ma? 72} 6 
P 1+ kMa 2 
where 
Ma? = Ma? +2/(k-1) 
2kMa3 /(k-1)-1 
Substituting, 


2 2 2 k (k-1) 
Po _((+kMa?)(2kMa? -k+1) f _ (k-DMaf /2+1 
P, kMa’(k+1)-k+3 2kMa? /(k-1)-1 
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17-136 Nitrogen entering a converging-diverging nozzle experiences a normal shock. The pressure, temperature, velocity, 
Mach number, and stagnation pressure downstream of the shock are to be determined. The results are to be compared to 
those of air under the same conditions. 


Assumptions 1 Nitrogen is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 


Properties The properties of nitrogen are R = 0.2968 kJ/kg-K and k = 1.4 (Table A-2a). 


Analysis The inlet stagnation properties in this case are identical to 


the inlet properties since the inlet velocity is negligible. Assuming the shock 
flow before the shock to be isentropic, Ja wave 
Py, = P; = 700 kPa 
; N ——> 
To, =T; = 300K: © j © © 
Vi z0 m TT TTT 
Then, (N Ma, = 3.0 


T, =To — = (300K) —— =107.1K 
2+(k—1)Ma? 2+(1.4-1)3 


and 


k /(k-l) 1.4/0.4 
T 107.1 
P, -r| ) = 700KPal L ) =19.06 kPa 
01 


The fluid properties after the shock (denoted by subscript 2) are related to those before the shock through the functions 
listed in Table A-33. For Ma; = 3.0 we read 


P P. T. 
Ma, = 0.4752, — = 0.32834, —— = 10.333, and = = 2.679 
Poy P, T, 


Then the stagnation pressure Po, static pressure P,, and static temperature T>, are determined to be 
Po. = 0.32834P), = (0.32834)(700 kPa) = 230 kPa 
P, =10.333P, =(10.333)(19.06 kPa) = 197 kPa 
T, =2.679T, = (2.679)(107.1K) = 287K 


The velocity after the shock can be determined from V = Mayc>, where cz is the speed of sound at the exit conditions after 
the shock, 


1000 m? /s? 


=164 m/s 
lkJ/kg 


V, = Ma,c, = Ma,.J/kRT, = (0.4752) Jesos kJ/kg- K)(287 a 


Discussion For air at specified conditions k = 1.4 (same as nitrogen) and R = 0.287 kJ/kg-K. Thus the only quantity which 
will be different in the case of air is the velocity after the normal shock, which happens to be 161.3 m/s. 


PROPRIETARY MATERIAL. © 2011 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and educators for course 
preparation. If you are a student using this Manual, you are using it without permission. 


17-137 The diffuser of an aircraft is considered. The static pressure rise across the diffuser and the exit area are to be 
determined. 


Assumptions 1 Air is an ideal gas with constant specific heats at room 
temperature. 2 Flow through the diffuser is steady, one-dimensional, a 
and isentropic. 3 The diffuser is adiabatic. AIR 

D -f 


Properties Air properties at room temperature are R = 0.287 kJ/kg-K, Diffuser 


cp = 1.005 kI/kgK, and k = 1.4 (Table A-2a). Mae be Si a 


Analysis The inlet velocity is 


2 2 
V, = Mac, = M, KRT, =(0.7),|(1.4)(0.287 kikg- K)(242.7 oemi = 218.6 m/s 


Then the stagnation temperature and pressure at the diffuser inlet become 


2 2 
Ty ah e299 74 om) Lake )- 266.5 
26, 2(1.005 kJ/kg -K)\ 1000 m? /s? 
kk-1) 1.4/(1.4-1) 
T, i 
P = R| — = (411 kPa AES £) = 57.0 kPa 
T, 242.7K 
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For an adiabatic diffuser, the energy equation reduces to ho; = ho. Noting that h = c,T and the specific heats are assumed to 


be constant, we have 


The isentropic relation between states 1 and 02 gives 


kk-1) 1.4/(1.4-1) 
T, f 
Py = P,| 2 -aea 6 K) = 55.59 kPa 
T 242.7K 


The exit velocity can be expressed as 


1000 m?/s” 


=5.01/T, 


5.01°T, m?/s* ( kJ/kg 


`T, =263.2K 
2(1.005 kJ/kg- K) om) i 


V. 2 
Thus, T, = Ty -—— = (266.5) 
2c, 


Then the static exit pressure becomes 


k /(k-1) 1.4/(1.4-1) 

T. ; 

P, = ra 2 ) = (55.59 kraf se 2K) = 53.23 kPa 
02 i 


Thus the static pressure rise across the diffuser is 


AP = P, — P, = 53.23 — 41.1 = 12.13 kPa 


P _ 53.23 kPa 
RT, (0.287 kPa - m?/kg : K)(263.2 K) 


Also, p, = = 0.7047 kg/m? 


V, = 6.01 JT, =5.01V263.2 = 81.3 m/s 


Thus, A m 20%8'5 24m? 


z 2 =0.5 
> p> (0.7047 kg/m? )(81.3 m/s) 


Discussion The pressure rise in actual diffusers will be lower because of the irreversibilities. However, flow through well- 


designed diffusers is very nearly isentropic. 
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17-138 Helium gas is accelerated in a nozzle isentropically. For a specified mass flow rate, the throat and exit areas of the 
nozzle are to be determined. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 


Properties The properties of helium are R = 2.0769 kJ/kg.K, cp = 5.1926 kJ/kg.K, k = 1.667 (Table A-2a). 

Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible, 
Ty, =T, =500K 
Po, = A = 1.0 MPa Ų 


l l Li 
The flow is assumed to be isentropic, thus the stagnation gi 
temperature and pressure remain constant throughout the nozzle, Œ He © —> (2) 
I MTI 


Ty = Ty, = 500 K Mey “TTT 
tT 
Py = Po, = 1.0 MPa f? 
The critical pressure and temperature are determined from 
2 2 
= (500 nS) =375.0K 
+1 1.667+1 


2 kk- 2 1.667 /(1.667-1) 
P* = Py ) =(1.0 MPa(—>—) = 0.487 MPa 
k+1 1.667 + 1 


renl 


P* 487 kPa 


= - = 0.625 kg/m? 
RT* (2.0769 kPa -m°/kg- K)(375K) 


p*= 


1000 m? /s? 
V* = c* = VkRT * = |(1.667)(2.0769 kJ/kg -K)(375 K) ue | 7194s 
g 
Thus the throat area is 
Ar Ma Con =3.51x104m2 =3.51cm? 


p*V* (0.625 kg/m? )(1139.4 m/s) 


At the nozzle exit the pressure is P} = 0.1 MPa. Then the other properties at the nozzle exit are determined to be 


k (k-1) 
P z ; .667— 
a k -maž ) » Ou (1,146 Les 


1.667 / 0.667 
hH Ma | 
P, 2 0.1 MPa 2 


It yields May = 2.130, which is greater than 1. Therefore, the nozzle must be converging-diverging. 


T, =Ty 2 ~ |= (500K) : ~ |=199.0K 
2+(k-1)Ma? 2+(1.667-1)x2.13 


Po 100 kPa 
RT, (2.0769 kPa-m°/kg-K)(199K) 


pP = = 0.242 kg/m? 


1000 m? /s? 


= 1768.0 m/s 
1 kJ/kg 


V, = Ma,c, = Ma, 4kRT, =(2. 1 ery kJ/kg -K)(199 K| 
Thus the exit area is 


m 0.25 kg/s 


= ; = 5.84x10*m? =5.84cm? 
P2V2 (0.242 kg/m? )(1768 m/s) 


Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 
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17-139E Helium gas is accelerated in a nozzle. For a specified mass flow rate, the throat and exit areas of the nozzle are to 
be determined for the cases of isentropic and 97% efficient nozzles. 


Assumptions 1 Helium is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, 
and isentropic. 3 The nozzle is adiabatic. 


Properties The properties of helium are R = 0.4961 Btu/lbm-R = 2.6809 psia-ft’/Ibm-R, Cy = 1.25 Btu/lbm:R, and k = 1.667 
(Table A-2Ea). 


Analysis The inlet stagnation properties in this case are identical to the inlet properties since the inlet velocity is negligible, 
To, =T, =900R 
Po, = P, = 150 psia 

The flow is assumed to be isentropic, thus the stagnation temperature 


and pressure remain constant throughout the nozzle, 


Ty, = Ty, = 900 R 
Poy = Py; = 150 psia 


The critical pressure and temperature are determined from 


2 2 
T*= n| ) = (900 R( | -674.9R 
k+l 1.667+1 
2 NKD 1.667 /(1.667-1) 
P* =P, = (150 psia)} ————— = 73.1 psia 
(Zs) OOP (5) p 
* [psi 
a= a a = 0.0404 1bm/ft? 
RT* (2.6809 psia- ft”/lbm - R)(674.9 R) 
2 ft? 2 
V* = c* = JKRT* = _|(1.667)(0.4961 Btu/bm-R)(674.9 R)| 287/5" | _ 3738 ft/s 
1Btu/1bm 
ade A*a— TT Oe bats = 0.00132 ft2 


p*V* (0.0404 1bm/ft? )(3738 ft/s) 


At the nozzle exit the pressure is P} = 15 psia. Then the other properties at the nozzle exit are determined to be 


E k(k-1) ; z 1.667/0.667 
Po (i+! “Ma » pe (141867 “Ma 
D> 2 15 psia 


It yields May = 2.130, which is greater than 1. Therefore, the nozzle must be converging-diverging. 


T, =T, : ~ |= (900R) 2 ~ |=358.1R 
2+(k—1)Ma3 2+ (1.667 —1)x 2.13 


P, 15 psia 


= 0.0156 1bm/ft? 


P2= RT, (2.6809 psia -ft’/lbm -R)(358.1R) 
2 2 
V, =Ma,c, = Ma, JKRT, = (2.13) [e ssnoassinanm-rass r OE ) = 5800 ft/s 
m 


Thus the exit area is 


Oon. 0.2 Ibm/s 
2 PaVa (0.0156 Ibm/ft? )(5800 fys) 


= 0.00221 ft? 


Discussion Flow areas in actual nozzles would be somewhat larger to accommodate the irreversibilities. 
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17-140 D Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 


and tabulated as in Table A-32 for an ideal gas with k = 1.667. 
Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 


Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


k=1.667 


Ma“ =Ma E e 
2+(k-1)Ma 


, ] 0.5(k+1) /(k-l) 
Ma k+1 2 


A 
A 
_ -k /(k-1) 
2 (tma ) 
P) 2 
-1/(k-1) 
-1 
L (141M ) 
Po 2 
-1 
7 (1+4 ma? | 
To 2 


PPO=(14(k-1)*M“2/2)\(-k(k-1)) 
TTO=1/(1+(k-1)*M“2/2) 
DDO=(1+(k-1)*M‘2/2)(-1/(k-1)) 

Mcr=M*SQRT((k+1)/(2+(k-1)*M“2)) 


AAcr=((2/(k+1))*(1+0.5*(k-1)*M%2))*(0.5*(k+1)/(k-1))/M 


Ma Ma AIA P/Po plpa T/To 
0.0 0 0 1.0000 1.0000 1.0000 
0.1 0.1153 5.6624 0.9917 0.9950 0.9967 
0.2 0.2294 2.8879 0.9674 0.9803 0.9868 
0.3 0.3413 1.9891 0.9288 0.9566 0.9709 
0.4 0.4501 1.5602 0.8782 0.9250 0.9493 
0.5 0.5547 1.3203 0.8186 0.8869 0.9230 
0.6 0.6547 1.1760 0.7532 0.8437 0.8928 
0.7 0.7494 1.0875 0.6850 0.7970 0.8595 
0.8 0.8386 1.0351 0.6166 0.7482 0.8241 
0.9 0.9222 1.0081 0.5501 0.6987 0.7873 
1.0 1.0000 1.0000 0.4871 0.6495 0.7499 
1.2 1.1390 1.0267 0.3752 0.5554 0.6756 
1.4 1.2572 1.0983 0.2845 0.4704 0.6047 
1.6 1.3570 1.2075 0.2138 0.3964 0.5394 
1.8 1.4411 1.3519 0.1603 0.3334 0.4806 
2.0 1.5117 1.5311 0.1202 0.2806 0.4284 
2,2 1.5713 1.7459 0.0906 0.2368 0.3825 
2.4 1.6216 1.9980 0.0686 0.2005 0.3424 
2.6 1.6643 2.2893 0.0524 0.1705 0.3073 
2.8 1.7007 2.6222 0.0403 0.1457 0.2767 
3.0 1.7318 2.9990 0.0313 0.1251 0.2499 
5.0 1.8895 9.7920 0.0038 0.0351 0.1071 
æ 1.9996 o% 0 0 0 
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17-141 D Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table A- 
33 for an ideal gas with k = 1.667. 


Properties The specific heat ratio of the ideal gas is given to be k = 1.667. 


Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 


y (k-1)Ma? +2 P, 1+kMa; 2kMa?-k+1 
a, = |1 — = = 1—1 
? YY 2kMa? -k +1 P, 1+kMa3 k+l 


T, _2+Maj;(k-1) P2 P /P,_ (k+D)Ma? V; 
T, 2+Ma3(k-1) Pı T/T, 2+(k-1)Ma? V,’ 
k+1 
Py _ Ma, | 1+Ma3(k—1)/2 |2&-D Py _ (1+kMaj [1+ Ma3 (k -1)/ 2*0 
Py Ma, ee P, 1+kMa2 


k=1.667 

My=SQRT((Mx‘2+2/(k-1))/(2*Mx’2*k/(k-1)-1)) 
PyPx=(1+k*Mx‘%2)/(1+k*My“2) 
TyTx=(1+Mx^2*(k-1)/2)/(1+My^2*(k-1)/2) 

RyRx=PyPx/TyTx 
POyPOx=(Mx/My)*((1+My^2*(k-1)/2)/(1+Mx^2*(k-1)/2))^(0.5*(k+1)/(k-1)) 
POyPx=(1+k*Mx^2)*(1+My^2*(k-1)/2)^(k/(k-1))/(1+k*My^2) 


Ma; Ma, P/P; Dl pı T/T; Poz/Poi Po2/P 
1.0 1.0000 1.0000 1.0000 1.0000 1 2.0530 
1.1 0.9131 1.2625 1.1496 1.0982 0.999 2.3308 
1.2 0.8462 1.5500 1.2972 1.1949 0.9933 2.6473 
1.3 0.7934 1.8626 1.4413 1.2923 0.9813 2.9990 
1.4 0.7508 2.2001 1.5805 1.3920 0.9626 3.3838 
1.5 0.7157 2.5626 1.7141 1.4950 0.938 3.8007 
1.6 0.6864 2.9501 1.8415 1.6020 0.9085 4.2488 
1.7 0.6618 3.3627 1.9624 1.7135 0.8752 4.7278 
1.8 0.6407 3.8002 2.0766 1.8300 0.8392 5.2371 
1.9 0.6227 4.2627 2.1842 1.9516 0.8016 5.7767 
2.0 0.6070 4.7503 2.2853 2.0786 0.763 6.3462 
2.1 0.5933 5.2628 2.3802 2.2111 0.7243 6.9457 
22 0.5814 5.8004 2.4689 2.3493 0.6861 7.5749 
2.3 0.5708 6.3629 2.5520 2.4933 0.6486 8.2339 
2.4 0.5614 6.9504 2.6296 2.6432 0.6124 8.9225 
2.5 0.5530 7.5630 2.7021 2.7989 0.5775 9.6407 
2.6 0.5455 8.2005 2.7699 2.9606 0.5442 10.3885 
24 0.5388 8.8631 2.8332 3.1283 0.5125 11.1659 
2.8 0.5327 9.5506 2.8923 3.3021 0.4824 11.9728 
2.9 0.5273 10.2632 2.9476 3.4819 0.4541 12.8091 
3.0 0.5223 11.0007 2.9993 3.6678 0.4274 13.6750 
4.0 0.4905 19.7514 3.3674 5.8654 0.2374 23.9530 
5.0 0.4753 31.0022 3.5703 8.6834 0.1398 37.1723 
00 0.4473 00 3.9985 00 0 00 
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17-100 
17-142 The critical temperature, pressure, and density of an equimolar mixture of oxygen and nitrogen for specified 
stagnation properties are to be determined. 
Assumptions Both oxygen and nitrogen are ideal gases with constant specific heats at room temperature. 


Properties The specific heat ratio and molar mass are k = 1.395 and M = 32 kg/kmol for oxygen, and k = 1.4 and M = 28 
kg/kmol for nitrogen (Tables A-1 and A-2). 


Analysis The gas constant of the mixture is 
M m =Yo,Mo, + Yn, Mn, =0.5%32+0.5 x 28 = 30 kg/kmol 


_ R, _ 8314 ki/kmol-K 
" M 30 kg/kmol 


m 


R = 0.2771 kJ/kg-K 


The specific heat ratio is 1.4 for nitrogen, and nearly 1.4 for oxygen. Therefore, the specific heat ratio of the mixture is also 
1.4. Then the critical temperature, pressure, and density of the mixture become 


T*=T) 2 =(600K) nee = 500.0 K 
k+1 1.441 
2 k /(k-1) 1.4/(1.4-1) 
P* = P| — = (300 kPa) = 158.5 kPa 
k+1 1.4+1 
* 
= P z 158.5 kPa -1.144 kg/m? 


© RT* (0.2771 kPa - m?/kg -K)(500 K) 


Discussion If the specific heat ratios k of the two gases were different, then we would need to determine the k of the 
mixture from k = Cpm/Cym Where the specific heats of the mixture are determined from 


Com =Mfo,Cpo, +Mfy,Cpn, =Wo0,Mo, /Mm)ep.0, +n, Mn, /Mmepn, 
Cum =Mfo,Cyo, t+mMfy, Cun, =(Yo,Mo, /Mm)ev,0, +n, Mn, /Mm)eun, 


where mf is the mass fraction and y is the mole fraction. In this case it would give 


Cp m = (0.5% 32/30) x 0.918 + (0.5 x 28/30) x 1.039 = 0.9745 KJ/kg.K 
C, m = (0.5 x 32/30) x 0.658 + (0.5 x 28/30) x 0.743 = 0.6977 KJ/kg.K 


and 


k = 0.9745/0.6977 = 1.397 
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17-143 Using EES (or other) software, the shape of a converging-diverging nozzle is to be determined for specified 


flow rate and stagnation conditions. The nozzle and the Mach number are to be plotted. 


Assumptions 1 Air is an ideal gas with constant specific heats. 2 Flow through the nozzle is steady, one-dimensional, and 
isentropic. 3 The nozzle is adiabatic. 


Properties The specific heat ratio of air at room temperature is 1.4 (Table A-2a). 


Analysis The problem is solved using EES, and the results are tabulated and plotted below. 


k=1.4 

Cp=1.005 "kJ/kg.K" 
R=0.287 "kJ/kg.K" 
P0=1400 "kPa" 
TO=200+273 "K" 

m=3 "kg/s" 

rho _0=P0/(R*T0) 
rho=P/(R*T) 
T=TO0*(P/P0)((k-1)/k) 
V=SQRT(2*Cp*(TO-T)* 1000) 
A=m/(rho*V)*10000 "cm2" 
C=SQRT(k*R*T* 1000) 
Ma=V/C 


Pressure Flow area Mach number 
P, kPa A, cm? Ma 
1400 00 0 
1350 30.1 0.229 
1300 21.7 0.327 
1250 18.1 0.406 
1200 16.0 0.475 
1150 14.7 0.538 
1100 13.7 0.597 
1050 13.0 0.655 
1000 12.5 0.710 
950 12.2 0.766 
900 11.9 0.820 
850 11.7 0.876 
800 11.6 0.931 
750 11.5 0.988 
700 11.5 1.047 
650 11.6 1.107 
600 11.8 1.171 
550 12.0 1.237 
500 12.3 1.308 
450 12.8 1.384 
400 13.3 1.467 
350 14.0 1.559 
300 15.0 1.663 
250 16.4 1.784 
200 18.3 1.929 
150 21.4 2.114 
100 27.0 2.373 


Ma 


800 1000 1200 1400 
P, kPa 


2 


Flow area A, cm 


800 1000 1200 1400 
P, kPa 
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17-144 Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 


and tabulated as in Table A-32 for air. 


Properties The specific heat ratio is given to be k = 1.4 for air 


Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


Ma” = Ma k+1 - 
2+(k-1)Ma 


0.5(k+1) (k-1) 
mae) 
A Ma|\k+1 2 


_ -k (k-1) 
Eas [1s “ta 


Py 
-1/(k-1) 
P = (ma?) 
Po 2 
T k-1 J 
Z (14a?) 
To 2 
Air: 
k=1.4 


PPO=(1+(k-1)*M“2/2)\(-k(k-1)) 
TTO=1/(1+(k-1)*M“2/2) 
DDO=(1+(k-1)*M‘2/2)(-1/(k-1)) 
Mcr=M*SQRT((k+1)/(2+(k-1)*M”2)) 


AAcr=((2/(k+1))*(14+0.5*(k-1)*M42))(0.5*(k+1)/(k-1))/M 


EJ 


Ma Ma A/A P/P, Polpo TIT, 

1.0 1.0000 1.0000 0.5283 0.6339 0.8333 
1.5 1.3646 1.1762 0.2724 0.3950 0.6897 
2.0 1.6330 1.6875 0.1278 0.2300 0.5556 
2.5 1.8257 2.6367 0.0585 0.1317 0.4444 
3.0 1.9640 4.2346 0.0272 0.0762 0.3571 
3.5 2.0642 6.7896 0.0131 0.0452 0.2899 
4.0 2.1381 10.7188 0.0066 0.0277 0.2381 
4.5 2.1936 16.5622 0.0035 0.0174 0.1980 
5.0 2.2361 25.0000 0.0019 0.0113 0.1667 
5.5 2.2691 36.8690 0.0011 0.0076 0.1418 
6.0 2.2953 53.1798 0.0006 0.0052 0.1220 
6.5 2.3163 75.1343 0.0004 0.0036 0.1058 
7.0 2.3333 104.1429 | 0.0002 0.0026 0.0926 
7.5 2.3474 141.8415 | 0.0002 0.0019 0.0816 
8.0 2.3591 190.1094 | 0.0001 0.0014 0.0725 
8.5 2.3689 251.0862 | 0.0001 0.0011 0.0647 
9.0 2.3772 327.1893 | 0.0000 0.0008 0.0581 
9.5 2.3843 421.1314 | 0.0000 0.0006 0.0525 
10.0 2.3905 535.9375 | 0.0000 0.0005 0.0476 
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17-103 


Using the compressible flow relations, the one-dimensional compressible flow functions are to be evaluated 
and tabulated as in Table A-32 for methane. 


Properties The specific heat ratio is given to be k = 1.3 for methane. 


Analysis The compressible flow functions listed below are expressed in EES and the results are tabulated. 


Ma” = Ma k+1 - 
2+(k-1)Ma 


Methane: 
k=1.3 


0.5(k+1) /(k-1) 
Eet) 
Ma|\k+1 2 


-k (k=l) 
z) 


PPO=(1+(k-1)*M^2/2)\(-k/(k-1)) 
TT0=1/(1+(k-1)*M^2/2) 
DD0=(1+(k-1)*M^2/2)^\(-1/(k-1)) 

Mcr=M*SQRT((k+1)/(2+(k-1)*M^2)) 


AAcr=((2/(k+1))*(1+0.5*(k-1)*M^2))^(0.5*(k+1)/(k-1))/M 


¥ 


Ma Ma A/A P/Po Polpo DT) 

1.0 1.0000 1.0000 0.5457 0.6276 0.8696 
1.5 1.3909 1.1895 0.2836 0.3793 0.7477 
2.0 1.6956 1.7732 0.1305 0.2087 0.6250 
2.5 1.9261 2.9545 0.0569 0.1103 0.5161 
3.0 2.0986 5.1598 0.0247 0.0580 0.4255 
3.5 2.2282 9.1098 0.0109 0.0309 0.3524 
4.0 2.3263 15.9441 0.0050 0.0169 0.2941 
4.5 2.4016 27.3870 0.0024 0.0095 0.2477 
5.0 2.4602 45.9565 0.0012 0.0056 0.2105 
5.5 2.5064 75.2197 0.0006 0.0033 0.1806 
6.0 2.5434 120.0965 | 0.0003 0.0021 0.1563 
6.5 2.5733 187.2173 | 0.0002 0.0013 0.1363 
7.0 2.5978 285.3372 | 0.0001 0.0008 0.1198 
7.5 2.6181 425.8095 | 0.0001 0.0006 0.1060 
8.0 2.6350 623.1235 | 0.0000 0.0004 0.0943 
8.5 2.6493 895.5077 | 0.0000 0.0003 0.0845 
9.0 2.6615 1265.6040 | 0.0000 0.0002 0.0760 
9.5 2.6719 1761.2133 | 0.0000 0.0001 0.0688 
10.0 2.6810 2416.1184 | 0.0000 0.0001 0.0625 
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> 
17-146 
A-33 for air. 


Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 


Properties The specific heat ratio is given to be k = 1.4 for air. 


Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 


P, 1+kMa; _ 2kMa; -k+1 


(k—1)Ma? +2 
Ma, = 2 
2kMa; -k+1 P, 


1+kMaź k+1 
T, _2+Maj;(k-1) pP P/P (k+D)Ma? V 
T, 2+Ma3(k-1) Pi T/T, 2+(k-)Ma? V,’ 


k+l 
Py _ Ma, | 1+Ma3(k—1)/2 26-0 
Py, Ma, | 1+Ma?(k-1)/2 


Po _ (1+ kMaz)[1+ Ma3 (k —1)/ 2]? 
P, 1+kMas 


Air: 


k=1.4 

My=SQRT((Mx‘2+2/(k-1))/(2*Mx’2*k/(k-1)-1)) 
PyPx=(1+k*Mx*%2)/(1+k*My“’2) 
TyTx=(1+Mx%’2*(k-1)/2)/+My*2*(k-1)/2) 

RyRx=PyPx/TyTx 
POyPOx=(Mx/My)*((1+My*%2*(k-1)/2)/(1+Mx’2*(k-1)/2))*(0.5*(k+1)/(k-1)) 
POyPx=(1+k*Mx’2)*(1+My’2*(k-1)/2)*(k/(k-1))/(i+k*My”%2) 


Ma, Ma, P/P; Pİ pı T/T, Po2/Po1 Po2/P 

1.0 1.0000 1.0000 1.0000 1.0000 1 1.8929 
1.5 0.7011 2.4583 1.8621 1.3202 0.9298 3.4133 
2.0 0.5774 4.5000 2.6667 1.6875 0.7209 5.6404 
2.5 0.5130 7.1250 3.3333 2.1375 0.499 8.5261 
3.0 0.4752 10.3333 3.8571 2.6790 0.3283 12.0610 
3.5 0.4512 14.1250 4.2609 3.3151 0.2129 16.2420 
4.0 0.4350 18.5000 4.5714 4.0469 0.1388 21.0681 
4.5 0.4236 23.4583 4.8119 4.8751 0.0917 26.5387 
5.0 0.4152 29.0000 5.0000 5.8000 0.06172 | 32.6535 
5.5 0.4090 35.1250 5.1489 6.8218 0.04236 | 39.4124 
6.0 0.4042 41.8333 5.2683 7.9406 0.02965 | 46.8152 
6.5 0.4004 49.1250 5.3651 9.1564 0.02115 | 54.8620 
7.0 0.3974 57.0000 5.4444 10.4694 | 0.01535 | 63.5526 
7.5 0.3949 65.4583 5.5102 11.8795 | 0.01133 | 72.8871 
8.0 0.3929 74.5000 5.5652 13.3867 | 0.008488 | 82.8655 
8.5 0.3912 84.1250 5.6117 14.9911 | 0.006449 | 93.4876 
9.0 0.3898 94.3333 5.6512 16.6927 | 0.004964 | 104.7536 
9.5 0.3886 105.1250 | 5.6850 18.4915 | 0.003866 | 116.6634 
10.0 0.3876 116.5000 | 5.7143 20.3875 | 0.003045 | 129.2170 
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> 
17-147 Using the normal shock relations, the normal shock functions are to be evaluated and tabulated as in Table 
A-33 for methane. 


Properties The specific heat ratio is given to be k= 1.3 for methane. 


Analysis The normal shock relations listed below are expressed in EES and the results are tabulated. 


P, 1+kMa; _ 2kMa; -k+1 


(k—1)Ma? +2 
Ma, = 2 
2kMa; -k+1 P, 


1+kMaź k+1 
T, _2+Maj;(k-1) pP P/P (k+D)Ma? V 
T, 2+Ma3(k-1) Pi T/T, 2+(k-)Ma? V,’ 


k+l 
Py _ Ma, | 1+Ma3(k—1)/2 26-0 
Py, Ma, | 1+Ma?(k-1)/2 


Po _ (1+ kMaz)[1+ Ma3 (k —1)/ 2]? 
P, 1+kMas 


Methane: 


k=1.3 


My=SQRT((Mx’2+2/(k-1))/(2*Mx/2*k/(k-1)-1)) 


PyPx=(1+k*Mx*%2)/(1+k*My“’2) 
TyTx=(1+Mx%’2*(k-1)/2)/(+My*2*(k-1)/2) 
RyRx=PyPx/TyTx 


POyPOx=(Mx/My)*((1-+My’2*(k-1)/2)/(1+.Mx’2*(k-1)/2))(0.5*(k+1)/(k-1)) 
POyPx=(1+k*Mx"2)*(1+My/2*(k-1)/2)(k/(k-1))/(1+k*My*2) 


Ma, Ma, P/P; Pİ pı T/T, Po/Po1 Po2/P 
1.0 1.0000 1.0000 1.0000 1.0000 1 1.8324 
1.5 0.6942 2.4130 1.9346 1.2473 0.9261 3.2654 
2.0 0.5629 4.3913 2.8750 1.5274 0.7006 5.3700 
2.5 0.4929 6.9348 3.7097 1.8694 0.461 8.0983 
3.0 0.4511 10.0435 4.4043 2.2804 0.2822 11.4409 
3.5 0.4241 13.7174 4.9648 2.7630 0.1677 15.3948 
4.0 0.4058 17.9565 5.4118 3.3181 0.09933 19.9589 
4.5 0.3927 22.7609 5.7678 3.9462 0.05939 | 25.1325 
5.0 0.3832 28.1304 6.0526 4.6476 0.03613 | 30.9155 
5.5 0.3760 34.0652 6.2822 5.4225 0.02243 | 37.3076 
6.0 0.3704 40.5652 6.4688 6.2710 0.01422 | 44.3087 
6.5 0.3660 47.6304 6.6218 7.1930 0.009218 | 51.9188 
7.0 0.3625 55.2609 6.7485 8.1886 0.006098 | 60.1379 
7.5 0.3596 63.4565 6.8543 9.2579 0.004114 | 68.9658 
8.0 0.3573 72.2174 6.9434 10.4009 | 0.002827 | 78.4027 
8.5 0.3553 81.5435 7.0190 11.6175 | 0.001977 | 88.4485 
9.0 0.3536 91.4348 7.0837 12.9079 | 0.001404 | 99.1032 
9.5 0.3522 101.8913 | 7.1393 14.2719 | 0.001012 | 110.367 
10.0 0.3510 112.9130 | 7.1875 15.7096 | 0.000740 | 122.239 
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17-148 Air flowing at a supersonic velocity in a duct is accelerated by cooling. For a specified exit Mach number, the rate 
of heat transfer is to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., 
steady one-dimensional flow of an ideal gas with constant properties 
through a constant cross-sectional area duct with negligible frictional 
effects) are valid. 


Properties We take the properties of air to be k= 1.4, cp = 1.005 
kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 


Analysis Knowing stagnation properties, the static properties are 
determined to be 


1.4-1 


-1 =] 
T, Ty 1+ ma?) = (350%(1+ 12?) =271.7K 


k-1 —k /(k-1) 1.4-1 -1.4/0.4 
P, = Py 1+" Ma? | = (240 kPa 14141.22) = 98.97 kPa 


P 98.97 kPa 
RT, (0.287kJ/kgK)(271.7 K) 


pi = =1.269 kg/m? 


Then the inlet velocity and the mass flow rate become 


1000 m? /s? 


= 330.4 m/s 
1 kJ/kg 


cı = {kRT, = [oaoa kJ/kg -K)(271.7 K| 


V, =Ma,c, =1.2(330.4 m/s) = 396.5 m/s 
Mair = Pr Aa V; = (1.269 kg/m? )[z (0.20 m)? / 4](330.4 m/s) =15.81 kg/s 
The Rayleigh flow functions Ty/Ty corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma, = 1.8: To:/Ty = 0.9787 
Ma, = 2: To2/To = 0.7934 
Then the exit stagnation temperature is determined to be 


Tyo To /To _ 0.7934 


1 =0.8107 —> Ty =0.8107T, = 0.8107(350 K) = 283.7 K 
iy Hive 0.9787 


Finally, the rate of heat transfer is 
Q= MairC p (Toz — To) ) = (15.81 kg/s)(1.005 kJ/kg - K)(283.7— 350) K = -1053 kW 


Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it can be shown that 
the thermodynamic temperature drops to 158 K at the exit, which is extremely low. Therefore, the duct may need to be 
heavily insulated to maintain indicated flow conditions. 
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17-149 Air flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, f 
and R = 0.287 kJ/kg-K (Table A-2a). Q 


Analysis Heat transfer will stop when the flow is choked, and 
thus May = V>/c> = 1. The inlet density and stagnation 


temperature are T; =450K May = 
=A = 
Pi _ 1 
pP =— = acide = 4.259 kg/m? Ma,=0.3 ı 
RT, (0.287 kJ/kgK)(450 K) i i 


To = n(1+ — Ma? | = sox (1444103? = 458.1K 


Then the inlet velocity and the mass flow rate become 


1000 m? /s? 


= 425.2 m/s 
1kJ/kg 


cı = /KRT, = jesoa ki KasoK] 


Vi =May,c, = 0.3(425.2 m/s) = 127.6 m/s 


Mair = PAV; = (4.259 kg/m? )(0.08 x 0.08 m? )(127.6 m/s) = 3.477 kg/s 
The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are 

fils =1 (since Ma; = 1) 

To _ (k+ 1)Ma? [2 + (k -1)Ma?] _ 0.4 +1)0.3°[2 + (1.4 -1)0.3°] 


* 


— — = 0.3469 Ther 
TÀ (1+ kMa?) (1+ 1.40.37) 


efore, 


T T/T 1 
Ti Ty; /Ty 0.3469 


> To = To /0.3469 = (458.1 K)/ 0.3469 = 1320.7 K 


Then the rate of heat transfer becomes 
Q = MairC p (To — To, ) = (3.477 kg/s)(1.005 kJ/kg - K)(1320.7 — 458.1) K = 3014 kW 


Discussion It can also be shown that T, = 1101 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
We can also solve this problem using the Rayleigh function values listed in Table A-34. 
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17-150 Helium flowing at a subsonic velocity in a duct is accelerated by heating. The highest rate of heat transfer without 
affecting the inlet conditions is to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties We take the properties of helium to be . 
k= 1.667, c, = 5.193 kJ/kg-K, and R = 2.077 kJ/kg-K Q 
(Table A-2a). 


Analysis Heat transfer will stop when the flow is choked, Pı = 550 ee kia = 
and thus May = V>/c2 = 1. The inlet density and stagnation T= 450K ie. 
temperature are —? — 
Ma, = 0.3 1 1 
P i i 
p -2 = Pa sggsk gimme! 


RT, (2.077 kJ/kgK)(450 K) 


Ta = nfi + = maž ) = (450 K(i + ro 3?| = 463.5K 
Then the inlet velocity and the mass flow rate become 


1000 m?/s? 


c, = kRT, = (667207711: KYSK I kJ/kg 


| = 1248 m/s 


V, = Ma,c, = 0.3(1248 m/s) = 374.5 m/s 

Mair = Py AV, = (0.5885 kg/m*)(0.08 x 0.08 m” )(374.5 m/s) = 1.410 kg/s 
The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are 

To/To = 1 (since Ma, = 1) 


To, _ (k+1)Ma{ [2+ (k-1)Ma?] _ (1.667 + 1)0.33°[2 + (1.667 —1)0.37] 


To (1+ kMa?)? (1+ 1.667 x 0.37)? 
Therefore, 


= 0.3739 


Ta Tt, 1 
02 _ 020 = —> Ty =T}; / 0.3739 = (463.5 K) / 0.3739 = 1239.8 K 
Ti Tee 0.3739 


Then the rate of heat transfer becomes 
Q= MairC p (To. — Toi) = (1-410 kg/s)(5.193 kJ/kg - K)(1239.8 — 463.5) K = 5685 kW 


Discussion It can also be shown that T, = 930 K, which is the highest thermodynamic temperature that can be attained 
under stated conditions. If more heat is transferred, the additional temperature rise will cause the mass flow rate to decrease. 
Also, in the solution of this problem, we cannot use the values of Table A-34 since they are based on k = 1.4. 
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17-151 Air flowing at a subsonic velocity in a duct is accelerated by heating. For a specified exit Mach number, the heat 
transfer for a specified exit Mach number as well as the maximum heat transfer are to be determined. 


Assumptions 1 The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 2 Inlet 
conditions (and thus the mass flow rate) remain constant. 


Properties We take the properties of air to be k= 1.4, c, = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 


Analysis The inlet Mach number and stagnation temperature are 


2 2 
cı = JkRT, = ,|(1.4)(0.287 kJ/kg -K)(400 K) anaerobes 
1 kJ/kg 
ys toa OOS aa q 
c, 400.9 m/s 
ei P, =35 kPa 
Ty, = nfi» ma) T, = 400K Ma, = 0.8 
I 1 
1.4-1 5 V; = 100'm/s 
= (400 K)| 1+ 0.2494 
= 405.0K 


The Rayleigh flow functions corresponding to the inlet and exit Mach numbers are (Table A-34): 
Ma; = 0.2494: — Tp)/T” = 0.2559 
Ma, = 0.8: To/T" = 0.9639 

Then the exit stagnation temperature and the heat transfer are determined to be 


Tyo To /T* _ 0.9639 
Toi T/T” 0.2559 


=3.7667 > Ty) =3.7667Tp; = 3.7667(405.0 K) = 1526K 


q=c, (To) — To) = (1.005 kJ/kg -K)(1526 — 405) K = 1126 kJ/kg 
Maximum heat transfer will occur when the flow is choked, and thus Ma, = 1 and thus To// T =1. Then, 


Tyo T/T 1 


- > Toz = To; /0.2559 = 405.0 K) / 0.2559 =1583K 
To, To/T 0.2559 


max = € p (To ~To1) = (1.005 kJ/kg- K)(1583-405) K = 1184 kJ/kg 


Discussion This is the maximum heat that can be transferred to the gas without affecting the mass flow rate. If more heat is 
transferred, the additional temperature rise will cause the mass flow rate to decrease. 
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17-152 Air flowing at sonic conditions in a duct is accelerated by cooling. For a specified exit Mach number, the amount of 
heat transfer per unit mass is to be determined. 


Assumptions The assumptions associated with Rayleigh flow (i.e., steady one-dimensional flow of an ideal gas with 
constant properties through a constant cross-sectional area duct with negligible frictional effects) are valid. 


Properties We take the properties of air to be k = 1.4, cp = 1.005 kJ/kg-K, and R = 0.287 kJ/kg-K (Table A-2a). 
Analysis Noting that Ma, = 1, the inlet stagnation temperature is 


— q 
Ty = 71+ ma?) 
1.4-1 Po, = 420 kPa 
= soo K144) 600K Toi =500K Ma, = 1.6 
M = 1 
The Rayleigh flow functions T/T) corresponding to the inlet and can i 
exit Mach numbers are (Table A-34): OONA. 
Ma; =]; To To =] 
Ma, = 1.6: To2/Ty = 0.8842 
Then the exit stagnation temperature and heat transfer are determined to be 
Te Todt, _ 0.8842 
o2 _ Toa !To_ _ 0.8842 _ 9 ge4o —> Thy =0.8842Tp, = 0.8842(600 K) = 530.5K 


Ty To/To 1 
q =c, (Toa ~To) = (1.005 kJ/kg K)(530.5-600) K = -69.8 kJ/kg 


Discussion The negative sign confirms that the gas needs to be cooled in order to be accelerated. Also, it can be shown that 
the thermodynamic temperature drops to 351 K at the exit 
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17-153 Saturated steam enters a converging-diverging nozzle with a low velocity. The throat area, exit velocity, mass flow 
rate, and exit Mach number are to be determined for isentropic and 90 percent efficient nozzle cases. 


Assumptions 1 Flow through the nozzle is steady and one-dimensional. 


2 The nozzle is adiabatic. e adele 


Analysis (a) The inlet stagnation properties in this case are identical to the 
inlet properties since the inlet velocity is negligible. Thus hip = hy. At the © Steam © a0 © 


inlet, V,~0 pe 
a) An= 100% ^ 


hy = (hp + xhg )@i.75mpa = 878.16 + 0.90 x 1917.1 = 2603.5 kJ/kg 
b) n= 92% 
S1 =(S¢ + XS gq )@i75MPa = 2-3844 + 0.90 x 4.0033 = 5.9874 kJ/kg -K 
At the exit, P) = 1.2 MPa and sz =s), = Sı = 5.9874 kJ/kg-K. Thus, 


S3 = Sp + X25 fy > 5.9874 = 2.2159 + xp (4.3058) x, = 0.8759 
hy = hy + Xh = 798.33 + 0.8759 x 1985.4 = 2537.4 kJ/kg 


Vy =V f + XV ý = 0.001138 + 0.8759 x (0.16326 — 0.001138) = 0.14314 m? /kg 


Then the exit velocity is determined from the steady-flow energy balance to be 


2 2 2472 
HEN =h+2 > 0=h,-h+2 Mi 
Solving for V2, 
2 2 
V> = 4/20, fy) =.|2(2603.5 — assaya 00S") = 363.7 m/s 
g 


The mass flow rate is determined from 


1 


“use ee eee 


p 
m= —AV, 
v5 
The velocity of sound at the exit of the nozzle is determined from 
“a (2) R AP 1/2 
a), \Ad/y)), 


The specific volume of steam at s2 = 5.9874 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1547 and 0.1333 m*/kg. Substituting, 


(1300 —1100)kPa 1000 m? /s? 
kg/m? 1kPa -m° 


Cà = | = 438.9 m/s 


1 1l 
0.1333 0.1547 
Then the exit Mach number becomes 


V, _ 363.7 m/s _ 


Ma, = 
z C, 438.9 m/s 


0.829 


The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 


P, = P* = 0.576 x Py, = 0.576 x1.75 = 1.008 MPa 


Then at the throat, 
P, =1.008 MPa and s, = sı = 5.9874 kJ/kg -K 


Thus, 
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h, = 2507.7 kJ/kg 
v, = 0.1672 m° /kg 


Then the throat velocity is determined from the steady-flow energy balance, 


2 2 
Sia key (hake 
2 2 


Solving for V, 


1000 m? /s” 


V, = J 2(hy —h,) = ,|2(2603.5 — 2507.7) kI/k 
t = ¥2(h — hy) fe ) { Tike 


| = 437.7 m/s 


Thus the throat area is 


mv, _ (6.35kg/s)(0.1672 m° / kg) 
V, 437.7 m/s 


A, = = 24.26x10-*m? = 24.26 cm? 


(b) The inlet stagnation properties in this case are identical to the inlet 


properties since the inlet velocity is negligible. Thus hio = hy. At the inlet, Nunta 


hi = (hy +X: )@17smpa = 878.16 + 0.90 x 1917.1 = 2603.5 kJ/kg ores 
D steam © — @ 
S1 = (Sp +X1S y )@1.75mpa = 2-3844 + 0.90 x 4.0033 = 5.9874 kJ/kg : K 


Vi ~0 A a i 
At state 2s, P) = 1.2 MPa and s2 = s), = Sı = 5.9874 kJ/kg'K. Thus, É a) n = 100% 


b) 1 = 929 
Sas = Sp + X25 p > 5.9874 = 2.2159 + x, (4.3058) > xz; = 0.8759 ye ee 


hy, = hy + Xh py = 798.33 + 0.8759 x 1985.4 = 2537.4 kJ/kg 


The enthalpy of steam at the actual exit state is determined from 


y, = th 50.92 = —2603-5= hs 
ee ee 2603.4 — 2537.4 


>h, = 2542.7 kJ/kg 


Therefore at the exit, P) = 1.2 MPa and h, = 2542.7 kJ/kg-K. Thus, 


hy = h; + xh ——> 2542.7 = 798.33 + x, (1985.4) —> x, = 0.8786 
S3 = Sf +X jy = 2.2159 + 0.8786 x 4.3058 = 5.9989 
Vy =Up + XV y = 0.001138 + 0.8786 x (0.16326 — 0.001138) = 0.1436 kJ / kg 


Then the exit velocity is determined from the steady-flow energy balance to be 


2 2 Di 552 
Solving for V», 
1 Do 5d 
V = J2(h, — hy) = pows — asiana emt) = 348.9 m/s 
g 

The mass flow rate is determined from 

m= J AV, = : 3 (25 x10™m? )(348.9 m/s) = 6.07 kg/s 

v, 0.1436m`” /kg 


The velocity of sound at the exit of the nozzle is determined from 
a P 1/2 _( ap 1/2 
õp), \Ad/v)), 
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The specific volume of steam at s2 = 5.9989 kJ/kg-K and at pressures just below and just above the specified pressure (1.1 
and 1.3 MPa) are determined to be 0.1551 and 0.1337 m’/kg. Substituting, 


(1300 —1100)kPa 1000 m? /s” 


a a 
( I1 l joo inu 


0.1337 0.1551 


C = | = 439.7 m/s 


Then the exit Mach number becomes 


V, _ 348.9 m/s 
cC) 439.7 m/s 


Ma, = = 0.793 


The steam is saturated, and thus the critical pressure which occurs at the throat is taken to be 


P, = P* = 0.576 x Py, = 0.576 x 1.75 = 1.008 MPa 


At state 2ts, Pı = 1.008 MPa and Ss = sı = 5.9874 kJ/kg-K. Thus, his = 2507.7 kJ/kg. 
The actual enthalpy of steam at the throat is 


z 2603.5 —h 
1N = >0.92 = : 
ho, — Ig 2603.5 — 2507.7 


>h, =2515.4kI/kg 


Therefore at the throat, P, = 1.008 MPa and h, = 2515.4kJ/kg. Thus, v= 0.1679 m’/kg. 


Then the throat velocity is determined from the steady-flow energy balance, 


2. 2 2 
is a eee : 02h ha 
2 2 2 


hy + 


Solving for V, 


1000 m?/s? 


V, =.,/2(h, —h,) = ./2(2603.5 — 2515.4)kJ/k 
t (h ry) | ( ) { Ikke 


= 419.9 m/s 


Thus the throat area is 


mv, _ (6.07 kg/s)(0.1679 m°? /kg) 
V, 419.9 m/s 


A, = = 24.30x 104m? = 24.30cm? 
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Fundamentals of Engineering (FE) Exam Problems 


17-154 An aircraft is cruising in still air at 5°C at a velocity of 400 m/s. The air temperature at the nose of the aircraft where 
stagnation occurs is 


(a) 5°C (b) 25°C (c) 55°C (d) 80°C (e) 85°C 
Answer (e) 85°C 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

T1=5 "C" 

Vell= 400 "m/s" 

TL stag=T1+Vel142/(2*Cp* 1000) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Tstag=T1 "Assuming temperature rise" 
W2_Tstag=Vell“2/(2*Cp*1000) "Using just the dynamic temperature" 
W3_Tstag=T1+Vel1%2/(Cp* 1000) "Not using the factor 2" 


17-155 Air is flowing in a wind tunnel at 25°C, 80 kPa, and 250 m/s. The stagnation pressure at a probe inserted into the 
flow stream is 


(a) 87 kPa (b) 93 kPa (c) 113 kPa (d) 119 kPa (e) 125 kPa 
Answer (c) 113 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

T1=25 "K" 

P1=80 "kPa" 

Vell= 250 "m/s" 
T1_stag=(T14+273)+Vel12/(2*Cp*1000) "C" 
T1_stag/((T1+273)=(P1_stag/P1)((k-1)/k) 


"Some Wrong Solutions with Common Mistakes:" 

TI1_stag/T1=(W1_Plstag/P1)((k-l)/kK);_ T11_stag=T1+Vel1%2/(2*Cp*1000) "Using deg. C for temperatures" 
T12_stag/(T1+273)=(W2_Plstag/P1)((k-1)/k);_ T12_stag=(T1+273)+Vel1%2/(Cp*1000) "Not using the factor 2" 
T13_stag/(T1+273)=(W3_Plstag/P1)(k-1); T13_stag=(T1+273)+Vell1%2/(2*Cp*1000) "Using wrong isentropic relation" 
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17-156 An aircraft is reported to be cruising in still air at -20°C and 40 kPa at a Mach number of 0.86. The velocity of the 
aircraft is 


(a) 91 m/s (b) 220 m/s (c) 186 m/s (d) 280 m/s (e) 378 m/s 
Answer (d) 280 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 
R=0.287 "kJ/kg.K" 
T1=-20+273 "K" 

P1=40 "kPa" 

Mach=0.86 
VS1=SQRT(k*R*T1*1000) 
Mach=Vell1/VS1 


"Some Wrong Solutions with Common Mistakes:" 
W1_vel=Mach*VS2; VS2=SQRT(k*R*T1) "Not using the factor 1000" 
W2_vel=VS1/Mach "Using Mach number relation backwards" 
W3_vel=Mach*VS83; VS3=k*R*T1 "Using wrong relation" 


17-157 Air is flowing in a wind tunnel at 12°C and 66 kPa at a velocity of 230 m/s. The Mach number of the flow is 
(a) 0.54 (b) 0.87 (c) 3.3 (d) 0.36 (e) 0.68 
Answer (e) 0.68 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 
R=0.287 "kJ/kg.K" 
T1=124273 "K" 

P1=66 "kPa" 

Vell=230 "m/s" 
VS1=SQRT(k*R*T1*1000) 
Mach=Vell1/VS1 


"Some Wrong Solutions with Common Mistakes:" 

W1_Mach=Vell/VS2; VS2=SQRT(k*R*(T1-273)* 1000) "Using C for temperature" 
W2_Mach=VS1/Vell "Using Mach number relation backwards" 
W3_Mach=Vell/VS3; VS3=k*R*T1 "Using wrong relation" 
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17-158 Consider a converging nozzle with a low velocity at the inlet and sonic velocity at the exit plane. Now the nozzle 
exit diameter is reduced by half while the nozzle inlet temperature and pressure are maintained the same. The nozzle exit 
velocity will 


(a) remain the same. (b) double. (c) quadruple. (d) go down by half. (e) go down to one-fourth. 


Answer (a) remain the same. 


17-159 Air is approaching a converging-diverging nozzle with a low velocity at 12°C and 200 kPa, and it leaves the nozzle 
at a supersonic velocity. The velocity of air at the throat of the nozzle is 


(a) 338 m/s (b) 309 m/s (c) 280 m/s (d) 256 m/s (e) 95 m/s 
Answer (b) 309 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.4 

Cp=1.005 "kJ/kg.K" 

R=0.287 "kJ/kg.K" 

"Properties at the inlet" 

T1=124273 "K" 

P1=200 "kPa" 

Vell=0 "m/s" 

To=T1 "since velocity is zero" 

Po=P1 

"Throat properties" 
T_throat=2*To/(k+1) 
P_throat=Po*(2/(k+1))*(k/(k-1)) 

"The velocity at the throat is the velocity of sound," 
V_throat=SQRT(k*R*T_throat* 1000) 


"Some Wrong Solutions with Common Mistakes:" 

W1_Vthroat=SQRT(k*R*T1*1000) "Using T1 for temperature" 
W2_Vthroat=SQRT(k*R*T2_throat*1000); T2_throat=2*(To-273)/(k+1) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 
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17-160 Argon gas is approaching a converging-diverging nozzle with a low velocity at 20°C and 120 kPa, and it leaves the 
nozzle at a supersonic velocity. If the cross-sectional area of the throat is 0.015 m’, the mass flow rate of argon through the 
nozzle is 


(a) 0.41 kg/s (b) 3.4 kg/s (c) 5.3 kg/s (d) 17 kg/s (e) 22 kg/s 
Answer (c) 5.3 kg/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.667 

Cp=0.5203 "kJ/kg.K" 

R=0.2081 "kJ/kg.K" 

A=0.015 "m^2" 

"Properties at the inlet" 

T1=20+273 "K" 

P1=120 "kPa" 

Vell=0 "m/s" 

To=T1 "since velocity is zero" 

Po=P1 

"Throat properties" 
T_throat=2*To/(k+1) 
P_throat=Po*(2/(k+1))*(k/(k-1)) 
rho_throat=P_throat/(R*T_ throat) 
"The velocity at the throat is the velocity of sound," 
V_throat=SQRT(k*R*T_throat* 1000) 
m=rho_throat*A*V_ throat 


"Some Wrong Solutions with Common Mistakes:" 

W1_mass=rho_throat*A*V1_ throat; V1_throat=-SQRT(k*R*T1_throat*1000); T1_throat=2*(To-273)/(k+1) "Using C for 
temp" 

W2_mass=rho2_throat*A*V_ throat; rho2_throat=P1/(R*T1) "Using density at inlet" 
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17-161 Carbon dioxide enters a converging-diverging nozzle at 60 m/s, 310°C, and 300 kPa, and it leaves the nozzle at a 
supersonic velocity. The velocity of carbon dioxide at the throat of the nozzle is 


(a) 125 m/s (b) 225 m/s (c) 312 m/s (d) 353 m/s (e) 377 m/s 
Answer (d) 353 m/s 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.289 

Cp=0.846 "kJ/kg. K" 

R=0.1889 "kJ/kg.K" 

"Properties at the inlet" 

T1=310+273 "K" 

P1=300 "kPa" 

Vell=60 "m/s" 
To=T1+Vel142/(2*Cp*1000) 

To/T 1=(Po/P1)*((k-1)/k) 

"Throat properties" 
T_throat=2*To/(k+1) 
P_throat=Po*(2/(k+1))*(k/(k-1)) 

"The velocity at the throat is the velocity of sound," 
V_throat=SQRT(k*R*T_throat* 1000) 


"Some Wrong Solutions with Common Mistakes:" 

WI1_Vthroat=SQRT(k*R*T1*1000) "Using T1 for temperature" 
W2_Vthroat=SQRT(k*R*T2_throat*1000); T2_throat=2*(T_throat-273)/(k+1) "Using C for temperature" 
W3_Vthroat=k*R*T_throat "Using wrong relation" 


17-162 Consider gas flow through a converging-diverging nozzle. Of the five statements below, select the one that is 
incorrect: 


(a) The fluid velocity at the throat can never exceed the speed of sound. 
(b) If the fluid velocity at the throat is below the speed of sound, the diversion section will act like a diffuser. 


(c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 


(d) There will be no flow through the nozzle if the back pressure equals the stagnation pressure. 


(e) The fluid velocity decreases, the entropy increases, and stagnation enthalpy remains constant during flow through a 
normal shock. 


Answer (c) If the fluid enters the diverging section with a Mach number greater than one, the flow at the nozzle exit will be 
supersonic. 
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17-119 


17-163 Combustion gases with k = 1.33 enter a converging nozzle at stagnation temperature and pressure of 350°C and 400 
kPa, and are discharged into the atmospheric air at 20°C and 100 kPa. The lowest pressure that will occur within the nozzle 
is 

(a) 13 kPa (b) 100 kPa (c) 216 kPa (d) 290 kPa (e) 315 kPa 


Answer (c) 216 kPa 


Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on a blank EES 
screen. (Similar problems and their solutions can be obtained easily by modifying numerical values). 


k=1.33 

Po=400 "kPa" 

"The critical pressure is" 

P_throat=Po*(2/(k+1))(k/(k-1)) 

"The lowest pressure that will occur in the nozzle is the higher of the critical or atmospheric pressure." 


"Some Wrong Solutions with Common Mistakes:" 


W2_Pthroat=Po*(1/(k+1))(k/(k-1)) "Using wrong relation" 
W3_Pthroat=100 "Assuming atmospheric pressure" 


17-164 --- 17-166 Design and Essay Problems 
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